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ABSTRACT 
MEASUREMENT OF THE ELECTRONIC DENSITY OF STATES OF 
GRAPHENE OXIDE USING CAPACITIVE PHOTOCURRENT 
SPECTROSCOPY 
Tanesh Bansal 
April 28th, 2011 
Understanding of the band structure of the new nano materials is essential to have a 
deeper insight into their optical and electrical properties. Along with the existing 
techniques used for characterization of nano-materials, it is also important to develop 
new techniques and methods which can reveal previously unobserved details. 
This dissertation describes an innovative measurement technique, capacitive 
photo current spectroscopy (CPS), which is used to probe the density of states (DOS) of 
graphene, graphene oxide (GO) and reduced graphene oxide (rGO). In contrast to the 
standard photocurrent measurement technique, CPS technique uses a floating electrode 
(electrodes separated by an insulator) configuration. Floating electrode eliminates the 
existence of any background current, which in turn increases the sensitivity towards 
photo generated electronlhole pairs revealing new features in the photocurrent spectrum. 
VI 
Also, this method eliminates the need for locating individual pieces on the substrate 
to make two contacts for current transport as required by the standard photocurrent 
method. The increase in sensitivity achieved by this technique can be exploited to gather 
absorption information from individual nano sized pieces, which is not possible with 
standard absorption spectroscopy. 
Capacitive photocurrent spectroscopy measurements on graphene samples reveal a 
monotonic increase in the photo current spectrum with increasing incident photon energy 
(photon energy scanned from 0.5 eV to 4 eV) together with an evidence of three 
reproducible peaks. The monotonous increase in the CPS spectrum is as expected from 
the semi-metallic graphene DOS. The presence of three peaks is attributed to 
unintentional oxidation of graphene samples. X-ray photoelectron spectroscopy (XPS) 
measurements of graphene samples confirm the presence of oxygen functional groups 
attached to the carbon atoms in graphene. 
For GO, the monotonic background disappears, and the three peaks become the 
dominant features in the spectrum. Two of these peaks match well with published 
photoluminescence data, as transitions between the GO states and the 1[/1[* graphene 
levels match the peak luminescence energy of GO. X-ray photoelectron spectroscopy 
measurements confirm that identical oxygen functional groups (as seen in graphene 
samples) exist (in varying quantities) for all the samples measured. 
In the case of rGO samples, the background density of states due to the graphene re-
emerges along with additional states due to defects. The three peaks due to the GO also 
remain, indicating the continued presence of oxidized regions. X-ray photoelectron 
spectroscopy measurements confirm the presence of the identical oxygen functional 
vii 
groups, along with an extra feature indicating the presence of a carbon-nitrogen group 
(introduced during the reduction process). 
Density of state calculations for graphene samples, based on the experimental results, 
indicate the presence of three small peaks near the vicinity of Fermi energy superimposed 
on the graphene DOS. For GO samples, DOS calculations revealed five peaks separated 
by hard gaps (no electron energy state), three of those are in the vicinity of Fermi energy 
(as seen in the case of graphene samples) while the remaining two resemble the 1[/1[* 
peaks of graphene DOS. For rGO samples, many peaks with no hard gaps between them 
were revealed. The five peaks, three near Fermi energy and two resembling 1[/1[* peaks 
(as seen in GO samples) are still present, along with more peaks. 
In summary, a direct experimental probe of the GO density of states as a function of 
oxygen coverage using capacitive photocurrent spectroscopy is described. Three intense 
additional peaks in the DOS of GO appear near the Fermi energy (attributed to the 
presence of oxygen functional groups) along with standard 1[/1[* peaks present in 
graphene DOS. Reduced graphene oxide (rGO) shows a distribution of peaks for the 
entire energy range probed in the experiment. Three similar peaks (less intense as 
compared to peaks seen in GO) with no hard gaps near Fermi energy were seen for the 
rGO sample providing the evidence of some residual oxidation. Extra peaks seen in rGO 
sample are attributed to defect creation during the reduction process. XPS measurements 
confirm the presence of similar oxygen functional groups in all the samples (Chemical 
Vapor Deposition, CVD grown graphene, GO and rGO) with varying intensity dictating 
the oxidation content percentage. 
Vlll 
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Over the last several decades, semiconductor technology has developed considerably. 
The driving force has been the miniaturization of the channel length of the device, which 
leads to devices being much more advanced in their performance. Specifically they are 
much faster, lighter and more robust. They dissipate less heat, consume less power and 
have a much lower cost [1,2]. Enhanced device performance through reduction in active 
feature size has worked so far. However, the current technology is at a point where within 
a decade the physics of the device operation will be acting as a roadblock for further 
shrinking of the feature size. As the device sizes are reduced, denser device arrays are 
required which in turn make the current material of choice (silicon) obsolete. At a very 
small size scale silicon generates too much resistance to electron flow resulting in the 
creation of more heat than can be dissipated and it consumes much more power to drive 
the circuit [3]. Also, high circuit density requires thinner metal interconnects carrying 
high density of current at higher speed. However, at small size scales, electro-migration 
limits the usefulness of standard metals for current flow, which is pushing researches to 
look for new materials and techniques for interconnects [4]. 
Two basic requirements govern the switching speed and power consumption of the 
switching circuitry. Faster charge transport within the device (source to drain) and faster 
charge transport between different active components of the circuit (interconnects) makes 
the first requirement, while having superior control between the on and off state of the 
device works as the second requirement. The leakage current in the off state influences 
the overall power consumption and heat dissipation of the device. The current trend of 
reducing the channel length of the device has done the trick until now. The decrease in 
the channel length reduces the overall distance to be covered by the charges which in turn 
produces faster devices. However, this increase in performance is still limited by the 
intrinsic properties, such as carrier mobility and energy band gap, of the material (silicon) 
used as well as the transport mechanism (diffusion) involved. Also, the reduction in 
feature size is reaching its limit. As the channel length is becoming comparable to the 
electron mean free path (tens of nm) various new phenomena involving quantum 
mechanical effect become important [5-7]. They include conductance quantization due to 
ballistic electron motion, conductance fluctuations due to quantum interference effects, 
and Coulomb blockade or single-electron tunneling due to the discreteness of the 
electronic charge. At this length scale, the transport mechanism changes from being 
diffusive to ballistic and the influence of the contact resistance between source/drain with 
metal interconnects start dominating the overall device resistance. 
The emergence of these new physical mechanisms (quantum effects) in the device 
operation has spurred the semiconductor industry and researchers to look for new 
materials and techniques to exploit these quantum phenomena for device applications. 
In the process of looking for new material for nano-electronics applications, graphene 
2 
has emerged as a prospective candidate for replacing or being integrated into Si-based 
electronics. Graphene is the name given to a single layer of graphite [8]. It is the thinnest 
known material, only one carbon atom thick, and the strongest material measured util 
now. Several features make graphene's electronic properties unique and different from 
those of any other known condensed matter system and emphasize graphene's long-term 
prospects in becoming the base electronic material for computer electronics. It exhibits 
very high carrier mobility ~200000 cm2 V-I S-l for suspended samples while for substrate 
supported (SiOz) samples the reported mobility fluctuates from few thousands to tens of 
thousands cm2 V-I sol, depending upon the nature and purity of the insulator layer, as 
compared to maximum electron mobility of silicon (1400 cm2 V-I sol) [9]. Graphene 
shows very low electron scattering at room temperature, and exhibits ballistic transport at 
room temperature for channel lengths in the range of couple of hundreds of nanometer 
(~200nm) [9]. Graphene can sustain current densities (~I08 - 109 A cm-2) many orders of 
magnitude higher than that of copper (~I 04 - 105 A cm -2) [4] and displays high thermal 
conductivity (3000 - 5000 W m- l K- l) [10]. 
Exploiting the high carrier mobility of graphene, faster devices can be envisioned 
even without reducing the channel lengths. Also, the high carrier mobility of graphene 
has the potential for increasing the frequency of the microprocessor to the order of 
IOOGHz [11]. Ambipolar nature of graphene enables the possibility of changing the 
device characteristics from p-type to n-type and vice versa just by modulating the gate 
voltage [8]. High current density combined with its true two-dimensional (20) structure 
makes it an ideal candidate for nano-scale interconnects. The high current carrying 
capacity makes it very robust in resisting electromigration which in turn should greatly 
3 
improve chip reliability while the true 20 nature greatly reduces the capacitive coupling 
between adjacent wires [4]. The high thermal conductivity of graphene will allow 
graphene interconnects to also serve as heat spreaders which will reduce device failures 
due to heat damage. 
Graphene in many ways is an ideal electronic material. However, it is a zero-band gap 
semiconductor at low temperatures and behaves as semimetal at room temperature. Being 
a zero band gap material, graphene conductance does not change appreciably with gate 
voltage. The zero band gap also limits graphene from showing any appreciable 
photocurrent or absorption which reduces the possibility for optical applications. 
Graphene-based integrated circuits would require the conducting channel to be 
completely closed in the off state. Graphene's gapless electronic spectrum must be 
modified to have an energy band gap for feasible electronic applications. The challenge 
now facing graphene electronics and optoelectronics research is to develop new methods 
for introducing the energy band gap into graphene without significantly destroying the 
high carrier mobility exhibited by the pristine graphene. 
Various approaches have been developed for opening an energy band gap between 
the valence and the conduction band of graphene and improving its semiconducting 
behavior. Researchers have shown that, it is possible to open up a small band gap 
(approximately 0.3 eV) through the interaction of graphene with the substrate, or through 
inter-graphene layer interactions; however the gap size is difficult to control, and is too 
small for most device applications [12]. Applying a perpendicular electric field to a 
bilayer graphene sheet opens up a small energy gap (approximately 0.3 - 0.5 eV) between 
the valence and the conduction band [l3]. However, the band gap is difficult to control 
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and too small for most device applications, applying a perpendicular electric field 
requires dual gate (top gate and bottom gate) configuration which further increases the 
fabrication complexity. Another approach for band gap opening utilizes the 20 nature of 
graphene. If one of the dimensions (width) of the graphene sheet is reduced to the order 
of a couple of nanometers, (2nm - 25nm) the quantum confinement effect takes control 
and results in the formation of an energy band gap [14-16]. The magnitude of the band 
gap is hard to control as it critically depends on the width of the graphene nano-ribbon 
(GNR) as well as the smoothness and structure (armchair or zig-zag) of the atomic-scale 
edge of the GNR. As seen in the semiconductor industry, electronic properties of a 
material can be modified following a doping event. Following this idea, graphene 
oxidation has been pursued with great interest. Attempts to oxidize graphene following 
the methods used for graphite oxidation result in changing the conduction properties of 
graphene from semimetal to insulator, suggesting a large band gap opening [17, 18]. 
Among the various approaches pursued for an energy band gap opening in graphene, 
oxidation of graphene has emerged as a potential candidate for research. Recent theory 
calculations emphasis the idea that oxidation provides a possible method to create a 
tunable band-gap in graphene [19, 20]. Theory further proposes that there are number of 
stable oxidative states of graphene oxide (GO) that produce characteristic electronic 
states for specific oxygen coverage. In other words, the oxygen/carbon ratio directs the 
number of states at each energy level that are available to be occupied by electrons 
(density of states, DOS) in GO. The experimental study shows that fully oxidized 
graphene is insulating at room temperature, but can be made conducting by partial 
reduction of the oxygen using hydrazine. These results have been interpreted as being due 
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to the decrease in the band-gap of oxidized graphene with decreasing oxygen/carbon 
ratio. If correct, this could allow for the development of graphene optoelectronic devices, 
including tunable graphene photo-detectors and light emitting diodes. However, 
conductance measurements on their own do not provide very strong evidence for an 
optically accessible band gap, because scattering from physisorbed and chemisorbed 
oxygen atoms, or oxygen doping (particularly in the presence of a substrate induced gap) 
can also influence the graphene conductance [21]. Also, conductance measurements can 
be influenced by the metal contacts attached to GO and reduced graphene oxide (rGO) 
for injection and collection of charge carries. These metal contacts may introduce 
potential energy barrier and local doping effect at the interface [22]. Therefore, without a 
direct measure of the optical band-gap, it is difficult to distinguish between these 
different scenarios. 
The distribution of electronic states or density of states (DOS) near the Fermi energy 
governs the electrical and optical properties of any material. Measuring the DOS of GO 
and rGO will provide a better insight on the relationship between the oxygen coverage 
with the size of the energy band gap. However, the methods used for measuring the DOS 
of graphene such as Scanning Tunneling Spectroscopy (STS) and Angle Resolved 
Photoemission Spectroscopy (ARPS) are more difficult to use for GO due to its 
insulating nature. The main methods for exploring the GO DOS have optical absorbance 
and photoluminescence spectroscopy. Graphene itself is nearly transparent in visible and 
infra-red region and shows a broad absorbance spectrum in the ultraviolet (UV) region, 
peaked at approximately 260 nm [23, 24]. Similarly, GO shows a broad absorption 
spectra in UV region, peaked at -233 nm which is attributed to the 1t ~1t*of C=C and a 
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small shoulder at -320 nm, corresponding to n - n* transition of the C=O bond [25,26, 
27]. The similarity in the broad absorption feature of graphene and GO indicates that 
graphene DOS still influences the GO DOS. The photoluminescence measurements on 
GO samples shows a broad emission peak, centered at 570 nm (2.18 e V) by one group 
(Sun et al.) [27], at 390 nm (3.2 eV) by another group (Ed a et al.) [25], and at 750 nm 
(1.65 eV) by a third group (Luo et al.) [28]. The lowest energy (l.65 eV, 750nm) 
luminescence is from a GO sample while the highest energy (3.2 eV, 390 nm) is due to 
moderately reduced graphene oxide sample and the medium energy (2.18 eV, 570 nm) is 
due to GO nano-strips. The peak luminescence is clearly dependent on the synthesis 
conditions, however, no strong dependence on oxygen concentration has been observed. 
While it is clear that the luminescence is due to transitions among states introduced 
between the n -n* peaks, the location of the peaks and their dependence on the oxygen 
concentration is unknown. 
Very high conductivity and high optical transmission of graphene inhibits the use of 
standard two terminal photocurrent spectroscopy routinely used for measuring the density 
of states of semiconductors. The background current surpasses the small change produced 
by the optical transitions in the graphene samples. On the other hand, GO is an insulator 
which again makes this measurement impractical due to the absence of any current flow. 
Probing of DOS of GO by optical spectroscopy techniques (absorption and 
photoluminescence) provides partial information regarding the distribution of states near 
the Fermi energy. However, more comprehensive picture of the DOS is required to 
confirm the influence of oxygen concentration on the opening of band gap as predicted 
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theoretically. Addressing this problem of measuring the DOS experimentally is the 
premise of this dissertation study. 
Importance of the proper knowledge of DOS of GO with varying oxygen/carbon ratio 
and the fact that traditional measurement techniques have shown limited promise has 
motivated this research study. In this research study, DOS of several samples of 
graphene, GO and rGO (synthesized under varied conditions) were measured using a 
novel Capacitive Photocurrent Spectroscopy (CPS) technique. 
The main thrust to this dissertation is to determine the density of states of graphene 
oxide based on experimental evidence. Also, the perturbation in the energy states location 
and their density in the DOS of GO with respect to the changes in the oxygen 
concentration will be examined. 
1.2 Dissertation Overview 
As the title of the dissertation suggests, this dissertation mainly revolves around 
presenting a novel technique (CPS) to measure the electronic state distribution for 
graphene, GO and rGO samples. Several variations in the synthesis procedures of 
graphene, GO and rGO have been exploited to observe the effects of oxygen 
concentration changes on the DOS measurements. Various characterization 
measurements such as electrical conductivity measurements, Raman spectroscopy and X-
ray photoelectron spectroscopy (XPS) are performed to record the variation spread 
among dissimilar samples. Electrical conductivity measurements mainly involve the gate 
voltage dependence of devices which will help in sorting the devices as semimetal, 
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semiconductor or as an insulator. Raman spectroscopy is used to check the defect levels 
in the graphene, GO and rGO samples. XPS measurement provided the list of oxygen 
functional groups attached to all the three types of samples. 
The dissertation is organized as follows. Chapter II provides a basic revIew of 
graphene explaining its structure, types of chemical bonding involved. The first part 
introduces carbon hybridization in general and its effects on band structure of graphene. 
Calculations for energy dispersion relation of graphene, its band structure and its DOS 
are presented in the later part of the chapter. Phonon dispersion in graphene concludes the 
discussion in the chapter. 
Chapter III provides the general synthesis and characterization techniques for all the 
three types of samples: graphene, GO and rGO. 
Chapter IV provides the experimental setup and observations for the initial 
investigations. The second part of the chapter provides a brief description of the 
capacitive photocurrent measurement and the experimental setup involved. 
Chapter V provides the experimental setup and results for the main research work. 
The second part of the chapter presents the DOS results based on the CPS measurements. 
Chapter VI presents the conclusions drawn from the dissertation study and some 





Graphene is the name given to a single layer of graphite. Graphene consists of a 
single layer of carbon atoms arranged in a two dimensional (2D) hexagonal honeycomb 
pattern as shown Figure 2.1 [29] , thus making it the thinnest known material. 
Figure 2.1 Schematic of an idealized structure of a single graphene sheet. (adapted from 
reference [29]). 
The atomic structure of graphene is characterized by Sp2 hybridization of carbon 
atoms resulting in two types of covalent bonds, sigma (0) and pi (n), constructed from the 
combination of four valence orbitals (2s, 2px, 2py, 2pz). 
10 
The three in-plane sigma (a) bonds join a carbon atom to its three nearest neighbors 
while the fourth bond is formed due to the sideways overlap of the pz (n) orbitals as 
shown in Figure 2.2 [30, 31]. The in-plane a bonds and the side overlap of n bonds 
strongly connect the carbon atoms forming a carbon hexagonal network and are 
responsible for the large binding energy and the elastic properties of the graphene sheets. 
y 
a) b) 
Figure 2.2 Schematic of bonding in graphene. a) in-plane a-bonds. b) Out of plane pi 
bonds. The sideway overlapping of 2p orbitals between neighboring carbon atoms form a 
pi bonding system that extends over all the carbon atoms, where a "cloud" of electrons 
can move about. (adapted from reference a [30], b [31 D. 
The bonding a and anti bonding a* orbitals are separated by large energy gap of 
- 12eV, while the bonding nand antibonding n* lie in the vicinity of the Fermi energy 
(EF) and direct the electrical and optical properties of the graphene [32]. The n band 
electronic dispersion for graphene near the six corners of the 2D hexagonal Brillouin 
zone is found to be linear which results in formation of cones of carriers (electrons and 
holes) appearing at the six corners of the 2D Brillouin zone. At the Fermi energy these 
cones touch at six points called Dirac points which reduced the Fermi surface to the six 
points at the corners of the 2D hexagonal Brillouin zone and turns graphene into a zero-
band gap semimetal [33]. 
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Oraphene shows exceptional electrical and mechanical properties. In short, very high 
carrier mobilities, low electron scattering, ballistic transport behavior at room 
temperature existing up to a couple of hundred of nanometers, high current carrying 
capacity, and high thermal conductance [3-4, 8-10, 32-34]. As far as mechanical 
properties are concerned, a suspended single layer of graphene is one of the stiffest 
known materials characterized by a remarkably high Young's modulus of ~ I TPa and 
intrinsic strength of 130 OP [35]. 
In summary, graphene's remarkable electronic, optical and mechanical properties are 
the direct consequence of the crystal structure and C-C bonding of graphene. The next 
section details the concept of carbon hybridization which will provide better 
understanding of the bonding in graphene. 
2.2 Carbon atom and Hybridization 
Carbon is the sixth element in the periodic table having six electrons occupying 1S2, 
2S2, 2p2 atomic orbitals. The strongly bound 1 S2 electrons are called core electrons and 
are not available for bonding, while the four 2s2, 2p2 electrons are loosely bound and act 
as valence electrons for further bonding with other atoms. Compared to the binding 
energy of chemical bonds, the energy difference between 2S2 and 2p2 is very small; one 
electron from 2s energy level can jump to 2p energy level resulting in highly active 2s 1, 
2p3 state. There are then four unpaired electrons, whose wave functions are the result of a 
hybridization of the four orbitals, 2s, 2px , 2py and 2pz. In other words, the electronic 
wave functions for these four electrons can mix readily with each other resulting in new 
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orbitals. This inter-mixing of electron wave functions to form new orbitals is called 
hybridization which enhances the binding energy of each carbon atom with its 
neighboring atoms [36-40]. Depending on the number of 2p orbitals involved III 
hybridization with the 2s orbital different hybridization configurations are possible (sp, 
Sp2, Sp3). The various hybridization types are as follows. 
2.2.1 sp hybridization: 
This involves combination of the 2s orbital and one of the 2p orbital's (2px, 2py or 
2pz). For example, 2s hybridizes with 2px to form two new hybridized orbitals (sPa, SPb), 
resulting in two equivalent bonding sites along the x-axis. The notable property of 
hybridized orbitals is that they are larger in amplitude in one direction and smaller in the 
other. The SPa hybridized orbital is stronger or elongated in the positive x-direction while 
smaller or shrunk in the negative x-direction. Similarly, for the SPb hybridized orbital, the 
amplitude is more in the negative x-direction as compared to the amplitude in positive x-
direction (as shown in Figure 2.3 [36]). 
Thus, when nearest-neighbor atoms are In the positive x-direction, the overlap 
between SPa orbital and nearest neighbor orbital becomes large compared with the 
original 2px orbital overlap, resulting in lower total energy (or higher binding energy). 
The bond formation due to the overlap of sp orbital with the nearest neighbor atomic 
orbital is also called as the sigma (a) bond. Similarly, nearest-neighbor in negative x-
direction will form sigma (a) bond using SPb hybridized orbital. The remaining two 
electrons are in 2py and 2pz orbitals, that is in perpendicular direction with respect to the 
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hybrid orbitals, and they interact (sideways overlapping) with p-orbitals of the nearest 
neighbor and form weaker bond also known as the pi (n) bond. 
121> 
Figure 2.3 Schematic of sp hybridization. Two equivalent sp orbitals separated by 1800 
form two strong cr bonds, Py, pz form two pi bonds resulting in C=:C (triple bond between 
adjacent carbon atoms). (adapted from reference [36]). 
Larger overlap between the bonding orbitals results in stronger bonds (sigma, cr) 
while less overlap results in relatively weaker bonds (pi, n). 
2.2.2 Sp2 hybridization: 
This involves combination of the 2s orbital and two of the 2p orbital ' s (2px, 2py or 
2pz). For example, 2s hybridizes with 2px and 2py to form three equivalent in-plane 
bonding sites, aligned at 1200 with each other. This configuration results in three strong 
sigma (cr) bonds and one weak pi (n) bond. The sigma bonds (cr bonds) are in the xy 
planes while the n bond is perpendicular to the plane. The Sp2 orbitals thus results in a 
trigonal bonding arrangement having large amplitude in the three directions (1200 apart) 
within the xy plane as shown in Figure 2.4 [38] . A common carbon-based example of Sp2 
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hybridization is polyacetylene (HC = CH -)n. Graphene is another example of Sp2 
hybridization having only carbon-carbon bonds ( three cr bonds and one 1t bond). 
a) b) 
Figure 2.4 Schematic of Sp2 hybridization. a) Three equivalent sp orbitals. b) Planar 
orientation of the three sp orbitals. The three orbitals are separated by 120° in x-y paIne 
having planar geometry and form three strong cr bonds. (adapted from reference [38]). 
As previously mentioned, Sp2 hybridization governs the electrical and mechanical 
properties of graphene. Graphene planar geometry is the direct consequence of Sp2 hybrid 
sigma (cr) bonds resulting in hexagonal pattern in the x-y plane. The sideways 
overlapping of the pi orbitals of the neighboring carbon atoms results in a pi bonding 
system which forms a pi molecular orbital that extends over all the carbon atoms of the 
graphene sheet. The delocalization of electrons within this pi bonding structure allows the 
electrons to move around, forming a cloud of 1t electrons located above and below the 
molecular plane, ensuing increased conductivity. This delocalization of electrons helps in 
reducing the overall energy of the system making it more stable, which in turn reduces 
chemical reactivity. 
2.2.3 Sp3 hybridization: 
In Sp3 hybridization, the 2s orbital overlaps with all the three 2p orbitals, 2px, 2py and 
2pz creating four equivalent bonding sites at an angle of 109.5°. This forms a tetragonal 
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structure in three dimensions as shown in Figure 2.5. All the four bonds are strong sigma 
(cr) bonds as seen in methane, which has four hydrogen atoms attached to a carbon atom, 
or in Diamond containing all carbon atoms. 
a) b) 
Figure 2.5 Schematic of Sp3 hybridization. a) Four equivalent sp orbitals, in three 
dimensions as a tetragonal structure, form four strong cr bonds resulting in C-C (single 
bond between adjacent carbon atoms). b) Sp3 bonding in methane. (adapted from 
reference [39-40]). 
2.3 Band structure of the electron states in graphene 
The graphene lattice consists of carbon atoms arranged in hexagonal pattern. Since 
adjacent carbon atoms (A and B) do not have identical environments, the structure is not 
really periodic [41] , as shown in Figure 2.6. After lumping the two atoms together to 
form a unit cell, the lattice of unit cell becomes periodic. Every site has an identical 
environment for the unit. 
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a) b) • 
Figure 2.6 a) Graphene honeycomb structure showing the unit cell of two carbon atoms. 
b) Real space lattice showing the periodic arrangements of the unit cells with basis 
vectors a; and "'ii;. 
Every point on this periodic lattice (formed by unit cells) can be described using two 
lattice vectors a; , "'ii; and a set of integers (m, n) where 
If = rna; + n"'ii; 
with 
a; = xa + yb "'ii; = xa - yb 
where from Figure 2.6 a) and b), 
3 
a = - ao 
2 
{3 
b = - ao 
2 
Using the basis vectors ca; and "'ii;) reciprocal lattice basis vectors can be determined. 
In general , for three dimensions (3D) the points on the reciprocal lattice can be written as 
K = MIf; + Nif; + PiG 
Where (M, N, P) are integers and If; ,if; ,if;' are determined such that 
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Oij , being the Kronecker delta function (equal to I if i =j, and equal to zero if i =I j). 
21[Ca; x a;) 
a.{ . ca; x Cii) 
21[ CCii x a.{) 
a; . CCii x a;) 
For 20 situation, the vector A; should be omitted and the vector Cii will become the unit 
vector i. Therefore, for the graphene case the reciprocal lattice in the kx- ky plane are 
given by 
and, 
____ _ 21[(i x a.{) _ ~ (~) _ ~ (~) 
Az ---+ (A --+)-X Y b az . Z x al a 
Using vectors ~ and A; as the basis vectors, reciprocal lattice can be constructed as 
shown in Figure 2.7 [42]. The perpendicular bisectors to the reciprocal lattice vectors 
give the first Brillouin zone which depicts the range of k values over which unique values 
for the dispersion relation are defined . 




a) b) c) 
Figure 2.7 (a) Reciprocal lattice of graphene [42]. (b) Brillouin zone construction from 
the reciprocal lattice structure [ 42]. (c) Enlarged view of Brillouin zone, the coordinates 
for the six K points are also shown. Energy dispersion relations are obtained along the 
perimeter of the dotted triangle connecting the high symmetry points r , K and M. 
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Three high symmetry points r, K and M represent the center, comer and the center of 
an edge of the Brillouin zone respectively. The Figure 2.7 (c) shows the enlarged view of 
the first Brillouin zone having six equivalents K points (comers of the Brillouin zone) 
and their coordinates respectively. 
Using matrix equation form, In general the band structure can be calculated by 
solving a matrix eigenvalue equation. Considering any unit cell n, (Figure 2.8 a [41]) 
from the lattice of a periodic solid, connected to its neighboring unit cells m by a matrix 
[Hnm]of size (b x b), b being the number of basis orbitals per unit cell, a matrix equation 
can be written as 
E{¢n} = L[Hnm]{¢m} 
m 
Where {¢m} is a (b x 1) column vector denoting the wavefunction in unit cell m. 
Now from discrete version of Bloch theorm, 
Which reduce the energy eigenvalue equation as 
with, 
[h(k)] = L[Hnm ] eik .(ct;- £1;;) 
m 
The summation over m runs over all neighboring unit cells (including itself) with 
which cell n has any overlap (that is, for which Hnm is non-zero). The periodicity of 
lattice confirms that the result of the summation will be same for any unit cell (n) chosen. 
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The band structure can be plotted out by finding the eigenvalues of the (b x b) 
matrix[h(k)] for each value of k and it will have b branches, one for each eigenvalue. 
Figure 2.8 (a) Schematic showing a unit cell n connected to its neighbor unit cells m by a 
matrix [41 ]. (b) Schematic showing a unit cell n, of graphene having two carbon atoms A 
and B, connected to its four neighbor unit cells (where m = 1,2,3,4). 
Now, for the graphene case due to the Sp2 hybridization and delocalization of 
electrons in pi bonding system, the energy levels involving 2s, 2px, 2py orbitals are 
decoupled from those involving 2pz orbitals. In other words, the levels that involve 2s, 
2px and 2py orbitals are either too far below the Fermi level or too far above to influence 
the electrical conduction. This idea can be used to describe the valence and conduction 
bands by using one orbital per carbon atom resulting in a (2 x 2) matix ([h(k) ]). This 
matrix can be easily written by choosing any unit cell (n) and summing over that unit cell 
and all its neighboring unit cells. Interaction between the neighboring carbon atoms (A on 
B or B on A) is assumed to be -t while the interaction between same atoms that is A on A 
or B on B is taken to be zero (Figure 2.8 b). 
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Here, n is the unit cell chosen and m =1, 2, 3, 4 as shown in Figure 2.8. therefore 
[ -+] [ 0 => h(k) = _ _ _ _ 
-tel + eik ' a1 + e ik · az ) 
-tel + .-ii< .:' + .-ik .0,:) 1 
The eigenvalues of the matrix are given by 
E(k) = ± Iho (k) I 
Recalling, 
--+ A Ab A 3 A V3 
a l = xa + y = x 2' ao + y "2 ao 
--+ A Ab A 3 -" v'3 a2 = xa - y = x - ao - y - ao 2 2 
So, 
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or in terms of ao (graphene lattice constant) 
The above equation gives the energy dispersion relation for 20 graphite as depicted 
in Figure 2.9. Here "t" is called the transfer integral (it value lies between 2.5 to 3). Two 
eigenvalues were achieved (one positive and one negative) for each value of k resulting 
in two branches in the E(k) plot as shown in Figure 2.9 [36, 43]. The upper half 
represents the n* anti-bonding energy band (conduction band) and the lower half is the n 
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Figure 2.9 (a) Energy dispersion of graphene. b) The dispersion of n/n· bands along the 
high symmetry directions r , M, K. c) Dispersion of all the a/a· and nln· bands along r, 
M, K high symmetry directions (adapted from [36, 43]). 
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As seen in the Figure 2.9, n bonding and n° anti-bonding bands are degenerate for 
some values ofk at the Fermi energy (E=O). To locate these points: 
Ih(k)1 = 0 . 
Assuming kxa = 0 and calculating h(k) as a function of ky 
2IT 
ho = t( 1 + 2 cos kyb) => to get hoCk) = 0; kyb = 3 
IT 
ho = t(1- 2 cos kyb) => to get hoCk) = 0; kyb = "3 
Therefore, the coordinates of six points (corners) for which hoCk) = 0 in the Brillouin 
zone are (0, 2n/3b), (0, - 2n/3b) , (n/a, n/3b), (n/a, -n/3b), (-n/a, n/3b) and (-n/a, -n/3b) as 
shown in Figure 2.8. All these points show zero band zap conduction valley in graphene 
bandstructure. The density of states for graphene is calculated from the electron -
dispersion relation and as shown in Figure 2.10. The DOS of graphene can be 
approximated to linear behavior near the Fermi energy. Two peaks one each in n bonding 
and n° anti-bonding can be seen. 
2 
o 
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a) Energy (eV) b) 
Figure 2.10 (a) Density of States (DOS) of. b) DOS shows linear behavior near corners 
where both the conduction and valence band meet. 
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2.4 Phonon Dispersion in graphene 
To interpret the Raman spectra of graphene samples, understanding the phonon 
dispersion of graphene is essential. In the graphene crystal structure, there are two carbon 
atoms per unit cell resulting in six phonon modes with different dispersion relations. 
Three of the six phonon modes are acoustic (A) and the other there are optic (0) phonon 
modes. The phonon modes propagating in the direction of C-C bond between the two 
carbon atoms (A, B) in the graphene unit cell are marked as longitudinal (L) mode while 
the modes travelling perpendicular to longitudinal mode are labeled as transverse (T) 
modes. Two out of three phonon modes, for both acoustic and optic phonons, are in-plane 
(i) modes while one mode for each (acoustic and optic) is out of plane (0). As a result, the 
six phonon dispersion curves are assigned to iLA (or LA), iTA and oTA for the acoustic 
branch and iLO (or LO), iTO and oTO for the optical branch [36,44-46]. 
The iLO and iTO phonon modes, corresponding to the vibrations of the sub lattice A 
against the sub lattice B, are degenerate at the r point (zone center). The degeneracy of 
these modes disappears for points inside the first Brillouin zone. Group theory tells us 
that the degenerate LO and iTO phonon modes (E2g symmetry) at the r point are Raman 
active, while the oTO phonon mode is infrared active. The phonon modes in the vicinity 
of the K point are related to the D-band and the G'-band in the Raman spectra [47]. At the 
K-point, the phonon which comes from the iTO branch is non-degenerate while The LO 
and LA phonon branches meet each other at the K point giving rise to a doubly 
degenerate phonon. The phonon mode frequencies of graphite have been recently 
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Figure 2.11 (a) Force constants between the A and Bl carbon atoms on a graphene sheet. 
Here, ~r, ~ti , ~to represents forces from the nearest neighbor atoms in the radial , bond 
stretching, (in-plane longitudinal modes, iLA, iLO), in-plane (iTA, iTO) and out of plane 
tangential (oTA, oTO) bond bending directions respectively. [36] (b) Calculated phonon 
dispersion curves plotted along high symmetry directions for a 20 graphene sheet. 
Phonon modes and their location along the high symmetry direction representing four 
features in the Raman spectra (0, G, 0' and 0') are also highlighted [47]. (c) Inelastic x-
ray measurements and ab initio calculations of phonon dispersion curves in graphite 
(filled dots represent experimental data) [48]. 
2.5 Summary 
In graphene every carbon atom is Sp2 hybridized providing it a planar hexagonal 
structure (carbons atom 1200 apart from each other). The electrons in the three sigma (cr) 
bonds are tightly bound within the planar geometry while the electrons in the pi (n) bonds 
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delocalized over the entire graphene sheet. Resultant reduced coupling among the 
electrons from cr bonds with the electrons in pi bond system allows the density of states 
of graphene to be governed solely by the pi electrons (energy bands due to the 
contribution of electrons in the cr bonds are far away from the Fermi energy). 
As seen in the density of states of graphene (Figure 2.10), the conduction band and 
the valence band meet at Fermi energy forming a zero-band gap semiconductor. The 
energy dispersion is linear near the zero-band gap points (corners of the Brillouin zone) 
and two sharp peaks symmetric to the Fermi energy are observed, one each, in n bonding 
and n* anti-bonding. 
The sigma (cr) bonds govern the mechanical properties of the graphene sheet, giving it 
a high Young's modulus and high tensile strength and making it the strongest 2D material 
know until now. The pi (n) electrons provide graphene with its exceptional current 
carrying capacity at very high speeds resulting in large carrier mobilities. 
The two atom unit cell in graphene results in six modes of vibration in the structure, 
three acoustic modes and three optical modes. The optical modes of the phonons in 
graphene allow for an understanding of the Raman spectra features. These Raman 
features can be used to indicate the quality of the graphene and the number of graphene 
layers. The difference in the Raman features can provide a quick way to differentiate 
among graphene, 00 and rOO samples. 
The next chapter will provide a summary of the most common methods of synthesis 
of the three materials (graphene, graphene oxide and reduced graphene oxide). The 




SYNTHESIS and CHARACTERIZATION 
3.1 Graphene Synthesis Techniques 
Synthesis of graphene can be categorized broadly in two major approaches: extracting 
single-or-few layers from bulk material and growing graphene layer by layer. In the first 
approach graphene layers in the bulk material are exfoliated and extracted and then 
deposited or dispersed on the desired substrate. In the second approach, the substrate is 
used as a catalytic material to grow graphene mono-or-few layers and these are then 
transferred to the desired substrates. 
Since graphite is a series of stacked parallel layers of graphene, it is an obvious 
starting material to extract graphene. A schematic of graphite is shown in Figure 3.1. 
Within each layer, the carbon atoms form three covalent bonds (sigma, 0-) having short 
length (0.142 nm) and high strength (524 kllmole) [39]. The fourth valence electron is 
paired with another delocalized electron of the adjacent layer by a much weaker van der 
Waals bond (a bond arising from structural polarization) only 7Kllmole in strength [39]. 
The spacing between the layers is relatively large (0.335 nm, more than twice the spacing 
between atoms in the basal plane) and approximately twice the van der Waals radius for 
carbon atom. In graphite, the delocalized electrons can move readily from one side of the 
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planar layer to the other but cannot easily move from one layer to another resulting in an 
anisotropy ratio of bond strength (bonds in basal plane as compared to bonds between 
adjacent layers) of approximately 75. This means that, while the bond strength in the 
basal plane is considerable, the bond strength in the c direction (interlaminar strength) is 
low and graphite shears easily between basal planes. The interplanar distance is further 
increased by lattice defects, interstitial foreign atoms and other irregularities. As a result 
the basal planes can slip easily over each other without loosing their coherence, and 
graphite is able to yield plastically. 
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Figure 3.1 Schematic of crystal structure of graphite showing ABAB stacking sequence 
and unit cell (adapted from [39]). 
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3.1.1 Mechanical exfoliation technique (scotch tape method) 
The mechanical exfoliation of graphite to shear away multiple layers of graphene has 
been done for centuries. As a writing material, graphite (in chalk or pencils) spread as a 
large number of graphene sheets of varying thickness over the writing area. However, 
this method generates thick multilayer pieces and locating an isolated single layer of 
graphene is a difficult problem. 
Improving on this approach in 1999, Prof. Rodney Ruoff reported a method of 
rubbing the tiny pillars of graphite against the Si substrate to produce thin graphite disks 
[49]. This method was again limited, however by the thickness of the resultant pieces. 
Later, Prof. Philip Kim dragged a graphite crystal mounted to an AFM tip along the 
surface of the substrate to separate graphite flakes from the bulk graphite [50]. The 
thickness of the separated flakes was still around 10nm (- 30-40 layers) and locating 
thinner flakes remained difficult. In 2004, Prof. Andre Geim developed an innovative 
technique of micro-mechanical cleavage of bulk graphite, into very thin sheets including 
mono-layers, with adhesive tape [8, 33, 51]. Also, they discovered a way to identify 
mono layers of graphene on Si02 substrates (having specific thickness of either 100nm or 
300nm) by utilizing the difference in the interference contrast between bare substrate and 
graphene. In other words, a mono layer of graphene lying on 100nm or 300nm Si02/Si 
substrate produces a feeble interference contrast in an optical microscope with respect to 
the bare substrate which allows its identification among the sea of bulk graphite pieces. 
This optical method of locating monolayer is very sensitive to the thickness of the oxide 
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Figure 3.2 (A) Dr. Ruoff s approach of rubbing tiny pillars of graphite against Si. (a) 
HOPG sample, (b) Pillars formed on HOPG by oxygen plasma etching, (c) & (d) 
examples of deposited graphene pieces [49] . (B) Dr. Philip method of attaching graphite 
to AFM tip.(a) SEM image of AFM with graphite piece, (b) Schematic showing AFM tip 
with HOPG touching the substrate, (c) deposited graphene flakes , (d) device fabricated 
using one of the flakes [50]. (C) Process of scotch tape deposition. (a) Graphite flakes, (b) 
Flakes were transferred to scotch tape using tweezers, (c) Pealing the sheets from the 
initial flake using second scotch tape, (d) Scotch tape with many thin graphene flakes. 
(D) Images of graphene pieces obtained by scotch tape method. (a) Optical image (lower 
magnification), (b) AFM image of graphene piece, (c) Optical image at higher 
magnification showing single graphene sheet [33, 51]. 
This technique simplifies the process of location of graphene pieces, however, 
provides no control on the size of the graphene pieces produced. This precludes the 
possibility of fabricating graphene devices on a large scale and limits its use for research 
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purposes. Also, the peeling of the layers was performed manually in an uncontrolled 
fashion. This leads to different degrees of applied stress on different layers and cause 
different amounts of vertical displacements leading to huge variation in thickness of 
graphene pieces. 
3.1.2 Chemical exfoliation technique (from GO to graphene) 
Chemical exfoliation techniques follow three general steps: intercalation of graphite 
material, expansion/exfoliation of graphite layers and dispersion of separated layers in a 
solvent with subsequent deposition on to suitable substrate [52]. Intercalation is a process 
whereby an intercallant material is inserted between the graphene layers of a graphite 
crystal using chemical reactions. The most common form of intercalation is by oxidizing 
the graphite material with strong acids [53-54]. Since the interaction between the adjacent 
layers of graphite is weak, oxidizing agents move in the gap between the layers and are 
trapped. If these intercallant particles are somehow rapidly removed, while escaping they 
increase the separation between the layers and convert the graphite into a fluffy material. 
Rapid heating is the most common way of expanding and removing the intercallant 
particles [53]. As the intercalated graphite is heated rapidly to very high temperatures 
(> 1 000 0c) the intercallant particles converts to a gaseous form which results in an 
immense increase in their volume. The pressure generated by this volume increase forces 
the adjacent graphene layers to separate. Since the expansion process depends on 
harnessing the force developed by an expanding gas, sudden gas expansion is required. 
During slow heating, gas molecules have more time to escape resulting in less pressure 
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build up and hence in little or no expansion. The expanded graphite flake material can be 
sonicated in solution to achieve separate layers dispersed in the solvent. 
(A) 
Figure 3.3 (A) (a) Schematic of intercalated material between the graphite layers, (b) 
Unexpanded intercalated graphite material, (c) & (d) Expanded/ exfoliated graphite 
flakes. (B) Microwave assisted graphene exfoliation. (a) Exfoliated graphite. (b) SEM 
image of the dispersed graphene sample on the substrate. ( adapted from (A) [52], (B) 
[55]). 
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Different approaches have been followed both for intercalation and expansion. Rapid 
heating and microwave treatment [55] followed by high frequency sonication and 
centrifugation is employed by various groups. The main advantage of this method is the 
bulk production of graphene sample. The disadvantage of this process is that many of the 
graphene layers end up bundling again while being deposited on the required substrate 
resulting in wrinkles and folds. Secondly, many deposited graphene pieces will be 
attached by intercalate compounds which results in modifications to its physical and 
chemical properties. 
3.1.3 Epitaxial growth on silicon carbide 
The mechanical and chemical exfoliation of bulk graphite to obtain graphene 
provides a fast way to produce samples for the study of the physical and electrical 
properties of single or few layer graphene, but it lacks the control on the location and 
thickness of the deposited graphene layer. Epitaxial growth of high quality graphene on 
substrates offers the control on the location of layers and partial control on the thickness 
of the layers. Graphene multi layers are grown epitaxially on single crystal silicon carbide 
(SiC) substrate. When crystals of 4H- or 6H-SiC are heated to about 1300 °c in ultra high 
vacuum (UHV) graphitic films are grown [56]. Epitaxial multilayer graphene films have 
been extensively characterized by surface analysis tools, electronic transport experiments 
and optical spectroscopy techniques. Figure 3.4 shows the STM image of few layer 
graphene grown on the Si terminated (0001) face ofsingle-crystaI6H-SiC. 
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Figure 3.4 STM topographs of epitaxial graphene on SiC (0001). [56] 
The face of the SiC wafer used (Si terminate or C terminate) influences the thickness, 
mobility and the carrier density of the graphene grown. Epitaxial growth of graphene 
provides high quality graphene layers; however, the process is limited to SiC substrate 
which reduces the impact of this method. This method allows growth of uniformly thick 
layers and provides limited control (by controlling the temperature and time of growth) 
on the number of layers grown. 
3.1.4 CVD growth on metal substrates 
The chemical vapor deposition (CYD) method involves the use of a metal layer as a 
seed for the growth of graphene. The solubility of carbon in the metal determines the 
number of layers grown. Ruthenium was one of the first metals to be used for CYD 
growth of graphene. Many metals have been used for growing graphene; however, 
uniform large scale growth of high quality monolayer graphene is still a challenge to 
overcome. Graphene grown on nickel (Ni), due to its small grain boundaries and high 
carbon solubility, produces multilayer graphene. Recently, copper has emerged as a good 
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choice of metal for CVD growth. Under low pressure conditions graphene growth on 
copper foil stops after forming single layer of graphene; however at atmospheric pressure 
copper produces multilayer graphene similar to that seen for nickel. 
The growth of monolayer graphene by CVD technique is explored by many groups 
[57 -58] resulting in varying growth conditions and transfer procedures thereafter. The 
following section list the overall procedure and the CVD growth conditions employed in 
this dissertation. 
CVD growth on copper (Cu) foil: Copper foil samples (25 ~m thick and 2 cm x 2cm) 
were dipped into acetic acid for 10 minutes to remove any natural occurring Cu oxide. 
After 10 minutes of treatment the samples were dried with compressed air and placed in a 
quartz tube CVD furnace and pumped using a mechanical pump. The temperature is 
raised to 1000 °c in steps of 100 with a flow of 2 sccm H2 and 18sccm Ar while 
maintaining a pressure of 100mTorr. Samples are then annealed at 1000 °c for 30 
minutes while maintaining the H2/Ar flow. After 30 minutes annealing, as the carbon 
feed for the graphene growth, 10 sccm of Methane (CH4) is added to the previous gas 
mixture of 2 sccm of H2 and 18 sccm of Ar changing the pressure to 500mTorr for 15 
minutes (growth time). The furnace is cooled down slowly while maintaining the gas 
flow and the pressure. 
After growth the graphene is transferred to the desired substrate following PMMA 
transfer approach. A thick Layer of PMMA is spun over the top side of the Cu foil (500 
rpm for 16sec) and cured at 180°C for 2 minutes. Backside Cu is etched overnight using 
ferric chloride solution. After the Cu is etched the PMMA supported graphene is 
transferred to DI water. After 2 hours the sample is transferred into a fresh DI water 
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container and sonicated for 1 minute. The PMMA/graphene sample is then transferred 
onto the desired substrate (graphene side in contact with the substrate). A drop of PMMA 
is added onto the graphene/PMMA piece to relax the graphene which helps in reducing 
the ripples in graphene film during transfer. PMMA is then washed away with acetone 
while the graphene piece stays on the substrate. 
PMMAlGraphene I Cu (a) Cu foil Graphene I Cu 
Po~mer ~ppOrt III : II 
- - ::= -
FeGl~ 
Graphene/Substrate Acetone wash PMMAlGraphene 
Figure 3.5 (a) Schematic of the CVD growth process flow . (b) Cu foil before growth. (c) 
Cu foil after growth . (d) PMMA/Graphene samples flowing on Dl water. 
3.2 Graphene Oxide (GO) Synthesis Techniques 
Oxidation of graphene follows the processes used for preparing graphite oxide 
(also known as graphitic acid). Hummers method, Brodie's method and Staudenmaier' s 
method for making graphite oxide were followed as in the start. Brodie and Staudenmaier 
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used a combination of potassium chlorate (KCI03) with nitric acid (HN03) to oxidize 
graphite, while the Hummers method involves treatment of graphite with potassium 
permanganate (KMn04) and sulfuric acid (H2S04) [59]. However, they all result in non-
uniform oxidation of graphene. Recently a modified Hummers method [60] which 
involves a pre-oxidation step is being followed. The following section provides the 
details of the modified Hummers method followed in this dissertation. 
Modified Hummers Method [61]: Graphite oxide is synthesized from graphite 
powder (SP-l grade 325 mesh, Bay Carbon Inc.). The graphite is first pretreated in order 
to fully oxidize it to graphite oxide (GO). To accomplish this concentrated H2S04 (50 ml) 
is heated to 90°C in a 300 ml beaker with K2S20g (10 g) and with P20S (10 g) added 
with stirring until all of the reactants are completely dissolved. The mixture is then 
cooled to 80°C. Graphite powder (12 g) is then added to the H2S04 solution resulting in 
bubbling which subsides within 30 minutes. The mixture is kept at 80 °C for 4.5 hours 
using a hotplate after which the heating is stopped and the mixture diluted with 2 L of 01 
water and left overnight. The following day the mixture is filtered and washed using a 0.2 
micron Nylon Millipore filter to remove all traces of acid. The solid is transferred to a 
drying dish and allowed to dry in air overnigqt. For the oxidation step of the synthesis, 
H2S04 (460 ml) is placed into a 2 L Erlenmeyer flask and chilled to 0 °C using an ice 
bath. The pretreated graphite is then added to the acid and stirred. KMn04 (60 g) is 
added slowly and allowed to dissolve with the aid of stirring, while the temperature is 
closely monitored so as not to allow the mixture to go above 10°C. This mixture is then 
allowed to react at 35 °C for 2 hours after which distilled water (920 ml) is added, 
initially in 20-30 ml aliquots. Since the addition of the water causes the temperature of 
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the mixture to rise rapidly, water addition is carried out in an ice bath so that the 
temperature does not climb above 50 °C. As more water is added, the mixture becomes 
less reactive until the final ~ 700 ml can be poured in with no observable resulting rise in 
temperature. After adding all of the 920 ml of DJ water, the mixture is stirred for 2 hours 
at which time 2.8 L of DJ water is added. Shortly after the dilution with 2.8 L of water, 
50 ml of 30% H20 2 is added to the mixture resulting in a brilliant yellow color along with 
bubbling. The mixture is allowed to settle for at least a day after which the clear 
supernatant is decanted. The remaining mixture is centrifuged and washed with a total of 
5 L of 10% HCI solution followed by 5 L of D I water to remove the acid. The reSUlting 
solid is dried in air and diluted to make a 2% w/w dispersion that is put through dialysis 
for 2 weeks to remove any remaining metal. This 2% aqueous dispersion is used to 
prepare all of the subsequent dispersions for deposition. 
Figure 3.6 (a) Schematic of a proposed structure of graphene oxide. (b) Graphene oxide 
film dispersed on a Si02/Si substrate.(adapted from [59]). 
3.3 Reduced Graphene Oxide (rGO) Synthesis Techniques 
The reduction of oxygen content in the oxidized graphene (GO), results in reduced 
graphene oxide (rGO). Two methods are mainly followed to reduce GO: the thermal 
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curing of the GO sample and the chemical treatment of GO. Prof. Walt A. de Heer' s 
research group showed that thermal curing of graphene oxide at 180°C for 16 hours 
reduces the GO to measurable levels [21]. Prof. Ajayan ' s research group followed a two 
step chemical reduction process, deoxygenation with NaBH4 followed by dehydration 
with concentrated H2S04 to restore the graphene structure for GO [62] . Hydrazine 
treatment of GO is the widely followed reduction process. Figure 3.7 shows TEM images 
of hydrazine reduced single sheet of rGO [63]. 
Figure 3.7 (a) TEM image of a partly folded rGO sheet. (b) Atomic resolution TEM 
image of single layer rGO sample with color added to highlight the different 
features .( adapted from [63]) 
The TEM images of the hydrazine reduced GO reveal that the reduced graphene 
oxide sheet is comprised of defect free crystalline graphene areas (light gray) interspersed 
with oxidized graphene areas (dark gray) and topological defects (blue, green and 
yellow). The crystalline graphene areas are 3-6 nm in size covering - 60% of the surface, 
while the oxidized graphene areas are 1-2nm in size and covering - 30% of the surface. 
Topological defects are further divided into isolated defects (pentagons, heptagons, green 
and holes, yellow formation while reduction) and extended defects (quasi-amorphous Sp2 
single layer carbon structures, blue). 
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3.4 Characterization Measurements 
This section provides a summary of general characterization measurements results 
obtained for graphene, GO and rGO samples (samples prepared using varied synthesis 
procedures). The main focus of this summary is to present a better insight towards the 
electronic band structure of these samples using universal characterization techniques. 
3.4.1 Electrical Measurements 
Electrical measurements including current-voltage (I-V) curves, gate dependence 
measurements and temperature dependence measurements of I-V or gate dependence 
curves provide an idea regarding the characteristic behavior of the material (such as 
metallic, semiconducting or insulating). The nature of the I-V curve, i.e. linear or non-
linear, provides information regarding the distribution of energy states near the Fermi 
energy. Gate dependence measurements determine what influence a shift in the Fermi 
energy has (with respect to valence and conduction band edge) on the conductance of the 
material. The temperature dependence of the resistance or conductance provides 
information on the electrical characteristics of the material. A decrease in resistance with 
decreasing temperature indicates metallic behavior, while an increase in resistance with 
decreasing temperature is a signature for semi-conducting behavior. Figure 3.8 shows the 
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Figure 3.8 (a) Ambipolar electric field effect in monolayer graphene at lK. The inset 
shows the changes in the position of the Fermi energy EF with changing gate voltage Vg. 
(b) Dependence of few layer graphene's resistivity p, on gate voltage for different 
temperatures (T =5 ,70 and 300 K from top to bottom curves). (adapted from [8, 59]) 
The devices with the back gate geometry showed semi-metallic (zero bandgap) 
ambipolar behavior with non-zero conductivity for all the gate voltages. The minimum 
conductance point (Dirac point) was observed at non-zero gate voltage at room temp in 
atmosphere. 
Electrical measurements from dual gate configuration for mono- and bi-Iayer 
graphene samples are as shown in Figure 3.9. In this configuration, the bi-Iayer graphene 
is supported on a heavily doped Si/Si02 wafer (back gate), and a metal top-gate is 
fabricated using a NFC/Hf02 gate insulator. Top gate is swept from -2V to 6V while the 
back gate is swept from -120V to 80V. The current-voltage (I-V) characteristics for the 
dual gate bi-Iayer device show linear change. At low temperatures the Ion/lofT for the bi-
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Figure 3.9 (a) Schematic of dual gate configuration with layer by layer description. (b) 
Transfer characteristics of dual gated bi-Iayer graphene device at room temperature. (c) 
Transfer characteristics of dual gated monolayer graphene device. (d) I-V characteristics 
of bi-Iayer graphene sample with back gate at -100V and top gate being swept from -2 
volts to 6 volts.(adapted from [13]). 
The asymmetry in the band structure of the bi-Iayer graphene induced from the 
perpendicular field (dual gate geometry) is due to the strong coupling between the atoms 
lying directly over each other in the two layers. The upper valence and lower conduction 
bands move apart to form a direct band gap that is slightly offset from the K-points as 
shown in Figure 3.10 [22]. The gap size is determined by the sum of the resulting 
dielectric displacement fields produced by the back and top-gates, Db + Dt, while the 
Fermi level depends on the difference, Db - Dt• At the neutrality point, Db = Dt, the 
current on/off ratio at room temperature achieved by the dual-gated bi-Iayer device is 
- 100 and that for monolayer device is - 4. The induced band gap of this device is field-
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Figure 3.10 (a) Schematic illustrating the bandstructure changes induced in bilayer 
graphene by an applied perpendicular electric field . The dotted curves represent the 
bandstructure in the absence of the field , while the solid line shows the band structure in 
the presence of a strong field . (b) Temperature dependence of bi-layer graphene device. 
(adapted from [22]) 
Another variation in the structure of grapheme devices for transport measurements is 
graphene nanoribbon (GNR) devices. Two approaches, e-beam lithography patterning 
and chemical treatment, were followed to achieve width dimensions as small as Snm. In 
the e-beam lithography method followed by IBM group [64], large graphene sheets 
(-20llm) are patterned, using negative e-beam resist hydrogen silsesquioxane (HSQ), to 
form nanoribbons of widths varying from IO-IOOnm and 1-2 Ilm in length [16]. Figure 
3.11 shows conductance measurements on three of these devices [14]. 
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Figure 3.11 (a)-(c) Conductance measurements of GNR devices as function of gate 
voltage measured at different temperatures. (d) Plot of energy gap versus width of GNR. 
(adapted from [14]). 
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Energy band gap variation with the GNR width is also presented in Figure 3.11. A band 
gap of 0.2 eV (200meV) was observed from a ribbon of width 15nm. 
Using the chemical method GNRs with widths under 10nm have been obtained. 
Figure 3.12 summarizes the GNR formation process while Figure 3.13 summarizes the 
various results obtained from these GNRS. The energy gap from the narrowest ribbons 
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Figure 3.12 Schematic process of making graphene nanoribbons suspensions. (adapted 
from [16]). 
The electrical measurements on graphene oxide (00) demonstrated its insulating 
behavior; however, after a suitable reduction step it can be made to be conducting. The 
main approaches for reduction are thermal reduction and hydrazine (N2H4) treatment. 
Figure 3.14 summarizes the result after thermal reduction of GO [65]. The improvement 
in electrical conductivity of GO upon reduction is attributed to the reduction in the 
oxidation content. The current-voltage (I-V) curves show increase in linearity with 
increasing reduction and an overall decrease in resistance. 
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Figure 3.13 (a) -(c) AFM images of GNR. (d) Plot of Ion/loft' ratio versus the GNR width. 
(e) Plot of energy gap versus the GNR width. (t) Gate dependence measurements for a 
5nm wide GNR. (g) I-V characteristics for the sample in (t). (adapted from [16]) 
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Figure 3.14 (a) I-V curve for different reduction steps. (b) Change in resistance with 
respect to gate voltage at different temperatures. Increasing temperature increase the 
reduction which in turn reduces the resistance and increases the linearity of I-V curve. 
(adapted from [65]). 
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The other approach to reduce GO is by treating it with hydrazine. The measurement 
results for hydrazine treated samples are shown in Figure 3.15 [66]. Again, the linearity 
in the I-V increases with an increase in reduction duration. Resistance with respect to 
gate voltage also decreases with an increase in reduction (increase in temperature). In 
Figure 3.15 (b), one curve presents the effect of 5 second hydrogen (H2) plasma on the 
GO sample. Treatment with H2 plasma reduces the GO at much faster rate. 
(a) 
Figure 3.15 (a) I-V curve for GO (before reduction). (b) I-V curve for 4 different steps of 
reduction . (c) Change in resistance with respect to gate voltage at different temperatures. 
(adapted from [66]). 
3.4.2 Optical Measurements 
Optical measurement techniques, such as absorption spectroscopy and 
photoluminescence (PL) spectroscopy, provide information regarding the band structure 
of the material. Features in the wavelength spectrum of the absorption measurements will 
provide the energy difference between the valance and conduction band. The feature in 
the PL data represents the transition from excited energy levels to lower energy levels 
(assuming the levels are optically active). Figure 3.16 summarizes the absorption spectra 
of graphene, GO and rGO observed by various groups. Monolayer graphene shows a 
constant - 97%-98% transmittance in the visible range (400nm -700nm) [23]. With the 
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increase in the number of layers the transmittance decrease by 2.3% per layer (% layers 
shows -88% transmittance), as shown in Figure 3.16 (a). In the ultra-violet (UV) region 
of the absorption spectra, monolayer graphene shows a strong peak near 260 nm - 265 
nm(4.68eV - 4.7 eV) as shown in Figure 3.16 (b) [24]. In the UV region of the 
absorption spectra, GO shows a strong peak around 233 nm with a small shoulder near 
320nm [25-27]. The absorption peak in the GO drops off to zero absorption near 450-
500nm and stays flat for the rest of the visible and near infra-red (NIR) spectrum. In case 
of rGO, a strong peak (similar to graphene) is observed in the UV spectra (near 260nm) 
which fall off slowly to near zero absorption value. The visible and NIR spectra for rGO 
stays flat and resembles a more like graphene spectra. 
The strong feature observed in the UV absorption spectra for all the samples is 
attributed to the n-n* transitions of Sp2 hybridized C=C (double bonds). The shoulder at 
320nm seen for GO is attributed to the n-nonbonding to n * transitions due to the presence 
of c=o. The shift in the peak location for graph ene, GO and rGO indicates to the amount 
of decoupling of the n electrons in the pi bonding system (more the decoupling less the 
energy difference between the n/n * orbitals). The presence of oxygen bonds in the GO 
reduces the extent of the decoupling which in turn pushes the n/n' orbitals slightly apart 
requiring higher energy (lower wavelength) transition. 
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Figure 3.16 (a) I-V curve for GO (before reduction). (b) I-V curve for 4 different steps of 
reduction. (c) Change in resistance with respect to gate voltage at different temperatures. 
(adapted from [23-27]). 
Similar features in the GO, rGO and graphene absorption spectra have been reported 
by a number of groups; however, for PL measurements, there are large differences in the 
reported spectra. Widely different peak energies for the PL in GO have been reported . 
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Figure 3.17 (a)-(b) Adapted from Luo et al. [28], shows PL at -750nm. A small red shift 
in PL location with increasing reduction is shown in (b). (c)-(d) Adapted from Eda et al. 
[25], PL at - 390nm is as shown. (c) Shows the change in PL intensity with increasing 
hydrazine reduction time. (d) Represents the change in PL intensity with reduction 
through annealing at different temperature. (e) Adapted from Sun et al. [27], shows GO 
PL at -570nm. 
Luo et al. observe a broad photoluminescence peak centered at 1.65 eV (750 nm) 
which shifts to somewhat lower energy following reduction [28]. Nanometer scale strips 
of GO (measured by Sun et al.) show somewhat higher energy luminescence (2.18 eV, 
570 nm) possibly because of quantum confinement [27]. Finally, measurements of GO 
and partially reduced GO (rGO) by Eda et al. show much higher energy luminescence 
centered at 3.2 eV (390 nm) [25). Thus, the GO optical spectrum clearly varies with the 
synthesis conditions and geometry. No PL measurements were reported for graphene 
samples, confirming graphene's zero band gap band structure. 
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3.4.3 Raman processes in Graphene 
A generalized Raman spectrum showing different features in graphene is as shown in 
Figure 3.18. An understanding of the processes responsible for the different peaks 
provides information which in turn helps in categorizing graphene in many ways. Their 
shape and amplitude ratio determine the quality and number of layers present in the 
graphene sample. The Raman processes in graphene are divided into two main categories 
one- phonon resonance Raman scattering modes and two-phonon resonance Raman 
scattering modes. These one-phonon resonance modes are further divided into first order 
(or single resonance) and second order (or double resonance) processes, while the two-
phonon resonance modes can exist in second order (double resonance) and third order 
(triple resonance) Raman scattering processes. 
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Figure 3.18 Schematic of the generalized Raman spectrum of graphene. (adapted from 
[45]. 
50 
The G-band, appearing at ~ 1582 cm-', is the only band coming from a normal first 
order Raman scattering process in graphene. The G band is Raman active for all Sp2 
carbon structure due to the presence of doubly degenerate (iTO and LO) modes at the 
Brillouin zone center (r). This band corresponds to the tangential mode in-plane 
stretching and bending of C-C bonds in the hexagonal planar structure (i.e. the relative 
movement of sub lattice A and B against each other) as shown in Figure 3.19. The G band 
is non dispersive in nature (its Raman shift does not change with incident photon energy). 
The second-order (double resonance, DR) Raman processes for Sp2 carbon material 
can be explained as (1) the electron absorbs a photon at k state (2) scatters to k+q state (3) 
scatters back to a k state and (4) emits a photon by recombining with the hole at a k state 
(Figure 3.20) [67]. Therefore, in DR Raman process, two resonance conditions for three 
intermediate states should be satisfied, in which the intermediate k+q is always a real 
electronic state and either the initial or the final k state is a real electronic state. 
Gba.nd: G 
Figure 3.19 Schematic of one-phonon first order G band process. (adapted from [45 , 47]) 
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Figure 3.20 Schematic of second order (double resonance, DR) process. (adapted from 
[65]). 
The disorder induced one-phonon second order (double resonance) giving rise to 0 
band, appearing at - 1320 cm- I , involves both an iTO phonon and a crystal defect. In this 
DR process, the electron absorbed at k state at the K point is elastically scattered by a 
defect to k+q state near the K' point. This electron then scatters back to the k state near 
the K point involving an inelastic scattering event with iTO phonon and emits a photon 
by recombining with the hole at a k state near K point. K and K' point are inequivalent in 
the sense that they each corresponds to a separate sub-lattice (carbon atoms A and B), and 
since the 0 band involves both the K and K' points, the process is called an inter-valley 
process. An increase in energy of the incident photon relative to the Dirac point moves 
the resonance k state vector away from the K point, which increases the corresponding q 
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vector for the phonon, as measured from the K point. Thus by changing the laser energy, 
the dispersive nature of the D band can be observed. 
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Figure 3.21 Schematic of second order (double resonance, DR) Raman process. D, D' 
and G' processes are illustrated. (adapted from [45]). 
The G' band (or 2D band), appearing at -2640 cm-' , involves two iTO phonons. This 
band again is an inter-valley process. Here, both the scattering events required for the DR 
process are due to inelastic scattering of iTO phonons. The electron absorbed at k state in 
K point is inelastically scattered by an iTO phonon to k+q state near the K' point. This 
electron then scatters back to the k state near the K point involving one more inelastic 
scattering event with iTO phonon and emits a photon by recombining with the hole at a k 
state. Since two iTO phonons are involved, the G' band frequency is double the 
frequency of D band, therefore it is also called a 2D band. This process also displays 
dispersive nature depending on the energy of the incident light. Since the Raman process 
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can also occur by scattering of the holes, and in the case of graphene where the valence 
and conduction bands are almost mirror bands of one another relative to the Fermi 
energy, a new effect, the triple resonance (TR) Raman process can occur. In the TR 
process, the electron absorbed at k state in K point is inelastically scattered by an iTO 
phonon to k+q state near the K' point. This electron then recombines with a hole emitting 
a photon. This hole near K' point scatters back to k state near K point due to an inelastic 
scattering event involving iTO phonon. In this case, the electron-hole generation and 
both the electron and hole scattering processes will be resonant resulting in a triple 
resonant process. The presence of intense G' band as compared to G band for single layer 
graphene can be explained using this TR resonance condition. 
The D' band, appearing at ~1620 cm-], is an intra-valley one phonon double 
resonance process. As for D band this band is again induced by the presence of defects, 
however, it involves iLO phonon instead of iTO phonon involved in D band. It connects 
energy levels all located around the same K or K' point and involves an iLO phonon and 
defect to interact with the electron similar to the processes in D band. 
For bi-layer graphene, the electron dispersion diagram is modified, resulting in two 
valence bands (1t] and 1t2) and two conduction bands (1t]' and 1t2') near the K, K' points. 
These four bands results in four DR process named Pij (where i and j are the conduction 
band from, and to which the electron is scattered, respectively). This modifies the G' 
band to contain four peaks and the change up-shifts the G' band location compared to 
single layer graphene. 
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Figure 3.22 Schematic view of bi-layer graphene near K, K' points showing both 1t1 and 
1t2 bands. The four DR processes are (a) P II , (b) P 22, (c) P 12, (d) P 21. (e) G' band for bi-
layer graphene with four fitted Lorentzians are also shown. (adapted from [45]). 
The appearance of the D and D' band combined with their intensity in a graphene 
sample Raman spectra indicates the presence of defects on the structure. The shape of G' 
band combined with intensity ratio of G'/G can be used to infer about the number of 
layers of graphene sheets present in the sample. Figure 3.23 summarizes the variation in 
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Figure 3.23 (a) Variation in Raman peaks shape and intensity with the change in the 
number of graphene layers. (b) Changes in Raman spectra of monolayer graphene with 
increasing fluorination . (c) Difference in Raman spectra for monolayer graphene, GO and 
rGO samples. (d) Evolution of Raman spectra of a monolayer graphene with 
hydrogenation and dehydrogenation. (adapted from [24, 65, 68, 69] 
The intensity ratio G' /G is greater than I for less than 4 layers (for monolayer G' /G 
2:2). Different functionalization (oxidation, hydrogenation or fluorination) of graphene 
shows similar features in the Raman spectra (appearance of 0 and 0 ' peak and reduction 
in the intensity of G' (20) peak. The shape of the G' and appearance of some new 
features D+G can be observed with functionalization of graphene. Due to the presence of 
similar features for different functionalization groups, Raman spectroscopy can be used 
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only to differentiate between pristine graphene and functionalized graphene (and not for 
differentiating between functionalized groups). 
3.5 Discussion 
As seen in the previous sections, various synthesis techniques are employed to 
produce graph ene, resulting in graphene samples having a variety of shapes, sizes and 
number of layers. Depending upon the configuration of the graphene sample its 
properties can change significantly. Good quality mono- or few layer graphene shows 
zero energy band behavior in electrical and optical measurements. A zero band gap 
results in finite minimum conductance which in turns limits the lot/loff ratio to a very 
small value preventing graphene to be used as active element in any logic circuit. Also, 
the optical properties depend on the energy difference between the conduction and 
valence band. Keeping this in mind, several routes have been developed to induce and 
control an energy gap in graphene for shutting off the current. As mentioned earlier dual 
gate geometry for a bi-Iayer graphene can open a small tunable band gap upto 0.2 eV. 
The energy gap generated is still too small for any practical device application at room 
temperature. Another approach to introduce a band gap in graphene is to constrict its 
lateral dimensions to generate quasi-one dimensional (lD) GNRs. For narrow GNR, ID 
confined states are formed similar to those of a particle in a narrow, long quantum box. 
The gap opened is inversely proportional to the width of the GNR. Two approaches were 
followed, e-beam lithography patterning and chemical treatment. GNR with a constant 
width of 2-3 nm are required to create a significant band gap (~ 0.5 e V) which can allow 
room temperature operations. Unfortunately, currently e-beam lithography patterning can 
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achieve GNR only around - 10nm in width. Chemical treatment method to produce GNR 
can create thinner GNR (- 3nm - 5nm); however, chemical treatment has no control over 
ribbon width reproducibility, GNR edge roughness, GNR location on substrate. Angle-
resolved photoemission spectroscopy (ARPES) studies have shown that due to the 
interaction between substrate (SiC) and the epitaxially grown graphene layer a small band 
splitting of up to 0.26 eV can occur. This gap decreases as the number of layer grown 
increase and eventually approached zero for layers exceeding four in number, as shown 




Figure 3.24 (a)-(d) ARPES measurements presenting the decrease in band gap with 
increase in number of layer grown. (e) Plot showing the energy band gap value versus 
number of layers. (adapted from [12]). 
Again, the band gap due to substrate induced effects is too small to be of any practical 
use at room temperature. 
The zero band gap in graphene is a direct consequence of the identical potential of the 
two carbon atoms in the graphene unit cell. It is predicted that just by creating a potential 
mismatch on the two atoms a gap can be opened. A chemical reaction that forms a 
superstructure by altering the bonding pattern introduces a potential mismatch on the two 
carbon atoms. Because of this motivation, graphene functionalization with oxygen has 
generated a lot of attention. Graphene oxide synthesis and its electrical and optical 
characterization have been carried out extensively since the introduction of monolayer 
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graphene in 2004. Attempts to oxidize graphene following methods used for graphite 
oxidation (e.g. Hummer's method), lead to heavy oxidation of graphene, which in turn 
converted it into wide gap semiconductor (insulator). 
Experimental evidence of controlling the conductivity of GO by reduction processes 
lead to extensive theoretical study of analyzing the effect of oxygen content on the 
conductance. Figure 3.25 summarizes some of the theoretical results, suggesting that the 
GO electronic density of states (DOS) varies non-monotonically with energy, and 
contains numerous gaps and peaks (gaps are present even in the valence band). The exact 
form of the DOS is predicted to depend on the oxygen coverage on the graphene surface. 
Boukhvalov et af. has predicted that only some configuration of oxidized graphene is 
stable and the DOS of these states will be dependent on the oxygen coverage percentage. 
Lahaye et af. predicts a separated DOS for majority and minority spins for partially 
oxidized graphene. The separation in spin DOS may be exploited in magnetic devices. 
Theory predicts the possibility of partial oxidation and the dependence of band gap 
opening on the oxygen coverage. For certain oxygen concentrations, semiconducting 
behavior is expected. This implies the possibility of tuning the GO conductivity by 
varying the oxygen concentration. 
During the course of this dissertation study, hydrogenation and fluorination of 
graphene have emerged as new ways of functionalization to open a band gap. However, 
fluorographene behaves as a high quality insulator (resisitivity > 10 120) with an optical 
gap of 3 e V. On the other hand, hydrogenated graphene (or graphane) has shown promise 
as an alternate way to open band gap. Initial measurements and calculations predict a 
small gap of 0.5 eV for partially hydrogenated samples. 
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Figure 3.25 (a)-(b) Adapted from Boukhlov et aI., [19] (a) three stable configuration of 
oxidized graphene with respective DOS. (b) Change in energy gap with change in oxygen 
coverage percentage. (c )-( d) Adapted from Lahaye et aI., [20] (c) DOS of partially 
oxidized graphene, with the majority (red) and minority (blue) spins separated. (d) DOS 
of fully oxidized graphene. 
Conductance measurements on their own do not provide any strong evidence for an 
optically accessible band gap, because scattering from physisorbed and chemisorbed 
oxygen atoms, or oxygen doping (particularly in the presence of a substrate induced gap) 
can also influence the graphene conductance. Without a direct measure of the optical 
band-gap, it is difficult to distinguish between these different scenarios. On the other 
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hand, optical measurements (absorption and PL) have provided only limited information 
regarding the energy states in GO samples. 
As discussed, after considering various approaches followed so far for opening a band 
gap in graphene, controlled oxidation of graphene looks most promising. The previous 
discussion also demonstrates the need for an experimental method of observing the 
density of states of the resultant functionalized product. 
In the next chapter, a pristine way of oxidation and a novel approach (capacitive 
photocurrent spectroscopy) towards the measurement of density of states (~OS) of 
graphene oxide is presented. 
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CHAPTER IV 
PRELIMINARY MEASUREMENTS AND CAPACITIVE 
PHOTOCURRENTSPECTROSCOPY 
4.1 Initial Measurements 
As discussed in the last chapter, methods used to create GO were derived from 
graphite oxidation techniques, which produce strong oxidation of graphene pieces. 
Reduction of this GO provides one way to vary the oxygen content of the sample. Control 
on the oxygen coverage to increase the conductivity is achieved by controlling the 
reducing parameters (such as time of treatment, temperature). Since, theory calculations 
suggest that progressive oxidation is possible; this dissertation presents a different 
approach of controlling carbon/oxygen ratio by slowly increasing the oxidation content. 
This method involves treatment of graphene with Bmnsted acid (H2S04 + HN03) at room 
temperature and the treatment time is used to provide control on the oxidation coverage. 
This allows a more gradual oxidation of the graphene than is possible using the more 
standard Hummers method. 
To confirm that the treatment of graphene with Bmnsted acid will result in oxidation, 
a small piece of natural occurring KISH graphite is treated with a mixture of 
62 
5ml sulfuric acid (H2S04, 99% concentrated) and 5ml nitric acid (HN03, 70% 
concentrated). An increase in volume of the KISH graphite piece was observed upon 
treatment. XPS measurements were performed to check the presence of oxidized 
functionalized group attached to the carbon atoms in the graphite piece. X-ray 
photoelectron spectroscopy (XPS) data for the KISH and the oxidized KISH samples are 
presented in Figure 4.1. 
Acid Treatment 
(H2S04 + HN03) 
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Figure 4.1 Optical image and XPS Cis curves for KISH graphite before and after 24 
hours of acid treatment. 
After subtracting a constant background, X -ray photoelectron spectra of the carbon 1 s 
level are de-convoluted into various components using Gaussian peak line shapes. As 
reported in the literature, the resulting de-convoluted peaks can be attributed to the 
different functional groups of the carbon atom. Both the natural KISH graphite sample 
and the oxidized KISH graphite sample show evidence for the graphitic non-oxygenated 
C ring (C-C, ~284.6 eV) and the C-O single bond (- 286.2 eV). In the oxidized sample 
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two extra features for the C=O double bond (- 287.8 eV) and the O-C=O groups (- 289.1 
eV) are also observed. The peak intensity varies considerably between the two samples, 
with the peaks associated with the oxygen groups being stronger in the oxidized KISH 
sample than in the natural KISH sample. 
To measure the electrical properties of the oxidized graphene, mechanical exfoliation 
approach to obtain mono-layer graphene was employed. Figure 4.2 provides the flow 
chart of the fabrication procedure. Optical images of the graphene sample at various 
fabrication steps is shown in Figure 4.3 . 
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Graphite 
(Geim et al.) 
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Oxidize 
I Wash with I 
Acid Treatment Open a window between 
1 01 water H2S04 + HN03 two contacts (5m!) (5m!) 
Figure 4.2 Flow chart of the device fabrication procedure for electrical measurements. 
Figure 4.3 Optical image of graphene piece lying on the heavily doped Sil Si02 substrate. 
Patterned etch marks near the graphene piece shows a high resolution grid pattern used 
for locating the piece on the substrate for e-beam lithography. 
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Figure 3.4 (a) shows a freshly peeled graphene piece lying on the high resolution grid 
area on a Si02/Si substrate. Heavily doped (p-type) Si together with 300nm Si02 will act 
as the metal oxide back gate for the graphene device. Figure 3.4 (b) shows the e-beam 
lithography patterned Ti/Au electrodes and for electrical measurements. Figure 3.4 (c) 
shows a window opening in the e-beam resist covering the metal electrodes which allow 
oxidation of only the graphene piece without affecting the properties of contact electrodes 
due to presence of acids. Figure 4.4 presents the gate dependence measurements of the 
graphene device before and after the oxidation step. 
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Figure 4.4 Gate dependence measurements on graphene piece before and after acid 
treatment (oxidation) step. 
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After the oxidation step the Dirac point shifts to higher gate voltage and the measured 
current value decreases at the Dirac point. The shift suggests an increase in p-type 
behavior due to oxidation or charge trapping in the SiOz layer during the acid treatment. 
The reduction in the current value at the Dirac point can be interpreted as a decrease in 
the DOS near the Fermi energy. Another, possible reason for the reduction in current is 
an increase in scattering due to defect formation during oxidation. The resistance of the 
graphene device increased from ~7Kn to 15Kn after oxidation. Since a finite amount of 
current is flowing for all the gate voltages, no evidence of band gap opening is observed. 
Initial XPS measurements proved the presence of oxygen functionalized group 
attached to the carbon atoms after the acid treatment and the electrical measurements 
presented the influence of these groups on the device characteristic measurements. 
4.2 Capacitive Photocurrent Spectroscopy 
This section introduces the capacitive photo current technique and its detailed 
experimental setup. 
4.2.1 Experimental Setup 
The basic measurement setup is as shown in Figure 4.5. A parallel plate capacitor 
configuration is achieved where the nano-material (graphene, GO or rGO) under 
investigation acts as one of the parallel plate and the copper block anchored to the 
measurement stick within an optical access flow cryostat acts as the other conducting 
plate. The nano-material is deposited on a quartz slide which is attached to the copper 
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block in a way that will eliminate any direct electrical connection between the nano-
material and the copper block (fulfilling the basic requirements of a capacitor design). 
For connecting these capacitor plates to the measurement circuitry, two electrodes were 
created. A transparent metal contact is deposited on the nonmaterial covering the entire 
substrate surface which act as the first electrode while the copper block is in direct 
electrical contact with the measuring stick making it the second electrode. Using Indium 
tin oxide (ITO) as a transparent metal contact to the nano-material eliminates the need for 
locating the nano-material on the quartz slide. For the case of nano-material films a direct 
electrical contact can be made by attaching an electrical wire at the corner of the film 
surface using colloidal silver paint. The configuration with ITO as the contact metal is 
preferred, even for the case of nano-material films, because of its increased sensitivity 
and larger signal amplitude. 
Pulsed Laser 






Equivalent Band Diagram 
Figure 4.5 Figure shows the basic setup for the capacitive photocurrent spectroscopy 
technique. The photocurrent is determined by measuring the output voltage using a lock-
in amplifier set 90° out of phase from the pulsed laser repetition frequency. The dc bias 
produces an electric field across which help in enhancing the signal. 
67 
Also, the signal using ITO electrode is very stable, as compared to direct contact by silver 
paste, and can be amplified further by applying an external dc voltage. 
The operational principle of CPS can be understood with the illustration of its 
detection method as shown in Figure 4.6. The electrode potential Vp is measured relative 
to the graphene, which is held at ground. With the absence of light, Vp is given by the 
work function difference between the graphene and the electrode, and any additional 
built-in potential which may be present due to the trapped charge within the quartz or 
graphene. The band diagram is similar to a MOS capacitor, with the semiconductor 
replaced by the graphene. 
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Figure 4.6 Cross-section of ITO/Graphene heterojunction monitored by a capacitively 
coupled probe electrode with (a) no light and (b) light on the sample. 
Light incident on the sample excites electron hole pairs. If the excited electronlhole 
pair (ehps) separate, due to the internal and/or external electric field, an additional 
potential is created, which to first approximation is given by: 
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where Q is the total charge per area generated, and d is the charge separation distance. 
Since the probe electrode is floating, its potential increases by an amount !:l Vp to match 
the potential change. This measured voltage reflects the absorbance in the graphene. 
Since ITO is used as transparent metal, its transparency characteristics need to be 
known. Figure 4.7 [70] shows the transparency for 30nm ITO on quartz substrate to be 
more than 90% for the energy range scanned (0.5 eV to 3 eV) . 
.-... 
0 











0.5 1.0 1.5 2.0 2.5 3.0 
Excitation Photon Energy (eV) 
Figure 4.7 Optical transmission through a 30 nm film of ITO on quartz shows> 90% 
transmission between 0.5 eV - 3 eV. (adapted from [70]). 
Preliminary measurements were performed on a p-type silicon sample to compare the 
CPS results with standard two terminal DC photocurrent measurements. Figure 4.8 plots 
the capacitive photocurrent as a function of excitation photon energy. The photocurrent is 
relatively low until the excitation energy is in the vicinity of the band gap of silicon (1.1 
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eV). When the excitation energy equals the band gap energy, the photocurrent increases 
and remains relatively constant. The turn on point of the photocurrent can be quite 
accurately matched with the absorption spectrum for p-type silicon which confirms the 
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Figure 4.8 Capacitive photocurrent response of a p-Si plotted as a function of excitation 
photon energy shows the typical band edge of silicon at - 1.1 eV. (adapted from [70]). 
4.2 Optical Source 
The optical source used in the experiments was a Spectra Physics femto second 
pulsed laser system coupled with an optical parametric amplifier (OPA) to tune its 
wavelength over a very broad range (300 - 2400 nm). The femto second pulse train 
system consist of an oscillator, a stretcher, an amplifier and a compressor combined as a 
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system package called "Hurricane" as shown in Figure 4.9, while the OPA feeds on the 
output of the Hurricane to provide the wavelength tuning capabilities. 
Figure 4.9 A digital camera image of the OPA aligned next to a Hurricane which pumps 
the OPA. 
In general, generation of a typical high power femto second chain includes an 
oscillator that produces 100fs pulses at a repetition rate of typically 100 MHz. After 
passing through the stretcher the pulse duration increases up to 400ps and can be 
amplified. The gain medium is a Ti :sapphire (titanium-doped sapphire) crystal pumped 
by the second harmonic of a Q-switched Nd:YAG running at 1KHz. Once trapped in the 
cavity the pulse is amplified at each pass in the crystal with a typical gain per pass of 2. 
After 15-20 round trips the pulse saturates the gain and reaches its maximum energy. It is 
extracted from the amplifier and sent into multi pass power amplifier and finally into the 
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compressor. There it recovers its initial duration and pulses as short as 3afs with energies 
in the joule range can be obtained [71] . 
The Spectra Physics Hurricane system used in this dissertation consists of four 
subsystems: seed laser Mai Tai, pump laser Evolution, stretcher/compressor and 






Figure 4.1 a The four subsystems of Hurricane: Mai Tai , Evolution, stretcher/compressor 
and regenerative amplifier [72]. 
Mai Tai, in itself, is comprised of two chambers, A continuous wave (CW) pump 
chamber and a pulsed output chamber containing two lasers, a CW diode-pumped laser 
and a mode-locked Ti:sapphire pulsed laser respectively. The CW diode pump laser is an 
all solid-state, high power (5W), visible CW (532 nm) single phase laser. The output of 
the laser diode (825nm) pumps the Nd3+ ions doped in a yttrium vanadate crystalline 
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matrix (Nd: YV04) which start lasing at 1064 nm due to the population inversion in the 
crystal matrix. The resulting 1064 nm output is converted to visible (532 nm) through a 
frequency doubling or second harmonic generation using a 90°, noncritically phase 
matched, temperature-tuned lithium triborate (LBO) nonlinear crystal as doubling 
medium. The pulsed chamber uses this CW laser (532 nm) output as the pump beam for 
the Ti:sapphire amplifier fitted with an acousto-optic modulator for mode locking 
purposes. In a mode locked laser the longitudinal modes are locked in phase such that 
they constructively interfere to create a single circulating pulse. An output pulse is 
generated every 12.5 ns which corresponds to the arrival of the intra-cavity pulse at the 
partially reflective output coupler. Collectively, Mai Tai delivers a low power (~0.75 W 
to .90 W) femto-second (~120fs) mode locked continuously tunable pulsed output over a 
range of near infrared wavelengths from 750 nm to 850 nm at a repetition rate of 80 MHz 
[73]. 
The rest of the three subsystems namely stretcher/compressor, evolution and 
regenerative amplifier collectively constitute the chirped pulse amplification system 
which increases the power of the pulsed laser beam keeping the width of the pulse and 
mode-locking intact. Using a single grating stretcher, a low energy, very short duration 
pulse is stretched to as much as 10,000 times. This stretched pulse is then amplified using 
a Ti:Sapphire regenerative amplifier which can increase the pulse energy as much as 106 
times. A single grating compressor recompresses the pulse back to its original duration. 
The OPA consists of a single optical head that feeds on the output of the Hurricane 
amplifier (Figure 4.9). The infrared wavelength extension is achieved in a two-step 
process with white light generation and traveling-length optical parametric amplification. 
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The output wavelength is tuned by changing the angle of the p-Barium Borate (BBO) 
crystal. Wavelength tuning in the visible and near IR regions is achieved using the 
integrated harmonic generation (HOI and HOIl). 
Although the OPA was used to perform all the measurements described in this 
dissertation, the capacitive photocurrent technique also works with a CW (continuous 
wave) laser in combination with a chopper and has also shown promise with white light 
system being the optical source. 
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CHAPTER V 
MEASUREMENT OF DENSITY OF STATES OF 
GRAPHENE OXIDE AND REDUCED GRAPHENE OXIDE 
This dissertation provides the measure of the density of states (DOS) for CVD grown 
graph ene, GO, and rGO using a new measurement technique called capacitive 
photocurrent spectroscopy, or CPS. While similar to absorption spectroscopy, CPS is 
unique in that it specifically measures absorption due to the formation of charge carriers, 
while being uninfluenced by absorption due to vibrational states of the lattice, or non-
mobile impurity states [73, 74]. Due to this, the capacitive photocurrent spectrum reveals 
previous unobserved details of the GO DOS. The capacitive photocurrent spectrum of 
graphene increases monotonically with increasing energy (as expected from the semi-
metallic graphene DOS) together with three reproducible peaks. For GO, the monotonic 
background disappears, and the three peaks become the dominant features in the 
spectrum. Two of these peaks match well with published PL data, as transitions between 
the GO states and the rrhr* graphene levels match the peak luminescence energy of GO. 
Reduction of the GO results in the re-emergence of the background density of states due 
to the graphene, along with additional states due to defects, The three peaks present due 
to the GO also remain, indicating the continued presence of oxidized regions. 
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5.1 MEASUREMENTS AND RESULTS 
X-ray photoelectron spectroscopy (XPS) data for the CVD grown graphene, graphene 
oxide (00) and reduced graphene oxide (rOO) samples are presented in Figure 5.1. After 
subtracting a constant background, X-ray photoelectron spectra of the carbon Is level are 
de-convoluted into various components using Oaussian peak line shapes. As reported in 
the literature, the resulting de-convoluted peaks can be attributed to the different 
functional groups of the carbon atom [54, 75]. The 00, rOO, and graphene sample all 
show evidence for the graphitic non-oxygenated C ring (C-C, ~284.6 eV), the c-o single 
bond (~286.2 eV), the C=O double bond (~287.8 eV) and the O-C=O groups (~289.1 
e V). The peak intensity varies considerably between the different samples, with the peaks 
associated with the oxygen groups being stronger in the 00 sample than in the CVD 
grown graphene or the rOO. In addition, the rOO sample has one extra component at 
285.9 eV, indicating the presence of a carbon-nitrogen group. The nitrogen is presumably 
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Figure 5.1. X-ray photoelectron spectra (red curves) of GO, rGO and CVD grown 
graphene samples with de-convoluted components (light colored curves). 
Capacitive photocurrent measurements were then performed using the set-up shown 
in Figure 5.2. The sample lies on top of an ITO coated quartz slide, which is anchored to 
a copper plate within an evacuated optical cryostat. Electrical contact is made between 
the copper plate and a gold pad deposited near the edge of the ITO layer. The sample is 
illuminated with light from an optical parametric amplifier (OPA) which emits a series of 
120 fs light pulses at a 1 kHz repetition rate. The output power is kept constant at 5 mW, 
and the photon energy is tuned between 0.5 and 4.0 eV. The ITO and quartz are both 
transparent to light within this energy range. If light absorbed by the graphene produces 
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electron-hole pairs, these separate across the graphene / ITO interface under the influence 
of an applied dc potential, V dc. This produces an ac voltage, 11 V, whose magnitude is 
proportional to the amount of excited charge, multiplied by the charge separation 
distance, d, and whose frequency is equal to the laser repetition rate. The voltage is 
converted to a current through a current amplifier, and detected with a lock-in amplifier 
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Figure 5.2. Schematic of the experimental setup (left) and the equivalent band diagram 
(right) for the CPS measurement. 
Figure 5.3 (a-d) shows the capacitive photocurrent as a function of excitation energy 
for four different individual graphene sheets. The raw photocurrent data is normalized in 
units of electrons/photon (or quantum yield) by dividing the measured photocurrent (in 
electrons/s) by the number of photons/s (determined by dividing the laser power by the 
excitation energy). Graphene sheets in (a) and (b) were lifted off using 10% aqueous 
solution of HN03 while those in (c) and (d) were lifted off using ferric chloride solution 
to avoid oxidation. In each measurement, there is a monotonic increase in the 
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photocurrent as a function of excitation energy, with fluctuations superimposed on the 
background signal. Peaks near 0.7 eV, 1.6 eV and 3.2 eV (marked with £ , . , and . , 
respectively) each reproduce between at least two samples, showing that they are not 
noise, and occur independently of the lift-off procedure. To test the influence of the ITO 
contact, two of the samples ((a) and (c» were measured using the standard measurement 
configuration shown in Figure 5.3 (a), while the other two (b) and (d) were measured 
with the graphene lying on quartz, with a remote silver paste contact placed on a corner 
of the graphene sheet (this reduces the magnitude of the signal somewhat). The peak at 
0.7 eV (marked with £) occurs only in the samples on ITO, suggesting that it might be 
enhanced by the graphene / ITO interface. 
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Figure 5.3 . Capacitive photocurrent spectra as a function of excitation energy for four 
different individual graphene sheets. (a) & (b) Graphene transferred using 10% aqueous 
solution of HN03. (c) & (d) Graphene transferred using ferric chloride solution. Samples 
((a) and (c» were measured using the standard measurement configuration shown in 
Figure lea), while the other two (b) and (d) were measured with the graphene lying on 
quartz, with a remote silver paste contact placed on a corner of the graphene sheet. 
Reproducible peaks near 0.7 eV, 1.6 eV and 3.2 eV are marked with £ , ., and . , 
respectively. The dashed lines show the calculated spectrum following equation (1) and 
using density of states, D(E) , of graphene as shown in (e). 
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The data can be analyzed using the standard description for electron band-to-band 
transitions [76-77]. Assuming that all photo-generated electron-hole pairs separate under 
the applied dc bias to be detected as photocurrent, the capacitive photocurrent signal 
C(hv) will be proportional to the product of the initial and final states integrated over all 
possible transitions for a given excitation energy hv, or 
(1) C(hu) = K f::- hU D(E)D(E + hu)dE 
where D(E) is the density of states in the graphene, EF is the Fermi energy, and IC is a 
proportionality constant. To simplify the analysis, we assume that the probability for all 
different possible transitions is equal (IC held constant), and that all states below the Fermi 
energy are filled, while states above the Fermi energy are empty (zero temperature 
approximation) [78-79]. 
The density of states for graphene (shown in Figure 5.3(e)) is calculated using the 
tight binding dispersion relation with an overlap integral of 2.6 eV [80-82], and 
neglecting nearest neighbor hopping. The solution to equation (1) is then calculated 
numerically, adjusting kappa (IC) to provide the best possible fit to the data in Figure 
5.3(a)-(d). The absence of a gap in the semi-metallic graphene D(E) means that the 
capacitive photocurrent increases monotonically as a function of excitation energy. This 
is in qualitative agreement with the general trend observed in the data; however, the 
fluctuations observed in the experiment are not reproduced. 
80 
Capacitive photocurrent measurements were then performed on a serIes of GO 
samples. The results are shown in Figure 5.5 (blue solid lines). Two of the samples ((a) 
and (d)) were synthesized in our laboratory, using the procedure described in the 
experimental section below, while the other two samples ((b) and (c)) were purchased 
from a commercial supplier (Graphene Supermarket). The magnitude of the GO 
capacitive photocurrent signal is considerably smaller than that observed for the 
graphene, due to the reduced conductivity of the oxidized graphene. Three peaks are 
observed at approximately 0.7, 1.6 and 3.2 eV, which correlate with the peak positions 
observed in the graphene (marked as .. , ., and .). In contrast to the graphene results, 
however, no background increase in the photocurrent occurs with increasing excitation 
energy. In addition, there are strong minima in the photocurrent at 2.l eV, and beyond 4 
eV, indicating gaps in the density of states. Similar results are observed for all four GO 
samples, although there are variations in the peak position and magnitude. Three of the 
samples ((a) (b), and (d)) were measured using the standard configuration shown in 
Figure 5.2(a), while sample (c) was measured with the GO lying on quartz, with a remote 
silver paste contact (as described above). The difference in substrate has little effect on 
the peak positions, showing that the peaks are not due to graphene / ITO interface states 
(as was suggested by the graphene data). 
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Figure 5.4. Capacitive photocurrent spectra of four GO samples (solid blue line). Three 
peaks are observed at 0.7, 1.6 and 3.2 eV, which correlate with the peak positions 
observed in the graphene (marked as A, ., and ., respectively). The dashed red curves 
are calculated following equation (I) and using the density of states for GO as shown in 
Figure 5.5. 
For GO, the DOS is unknown, so it is not possible to calculate C(hv) directly from 
equation (I). However, using the capacitive photocurrent spectrum and working 
backwards from equation (I), it is possible to determine a fit of D(E) to the experimental 
data. The analysis is as follows (see supplementary information for a detailed description 
of the fitting procedure). The capacitive photocurrent Ci is measured for a set of equally 
spaced excitation energies, hv = i x flE, where i is an integer ranging from imin to imax, 




Here, D±j is defined at energies E+ j = E F + (j - Yz)M for empty states above the 
Fermi energy, and K j = EF - (j - Yz)M for filled states below the Fermi energy for j 
ranging from 1 to imax• This gives a set of (imax - imin + 1) coupled equations which 
together contain 2 x imax different Dj values. In practice, an interpolation is first done 
from the measured data so that in all cases ~E = 0.11 eV, imin = 5, and 
imax = 37. 
Since there are more than twice as many unknown Dj values as there are equations, it 
is impossible to solve for Dj exactly. Instead, a fitting procedure is used. All values of Dj 
are initially set to an arbitrary constant. Next, one of the Dj is chosen at random, and the 
Levenberg-Marquardt algorithm is used to determine the value for this Dj that provides 
the best possible fit to the experimental measurements (keeping all other D values fixed). 
This is repeated until a fit has been done for each Dj • The entire process is then repeated 
until a stable set of Dj values has been obtained. This fitting algorithm is found to 
generate a reproducible and stable D(E) versus energy dependence, from which a close 
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Figure 5.5. Predicted density of states for GO following the fitting of equation (2) to the 
data plotted in Figure 4. Transitions between the filled and empty states (as shown by the 
A. , . , and _ transitions in (a)) produce the peaks observed in the capacitive photocurrent. 
Figure 5.5 shows the GO DOS determined by applying this procedure to the four 
capacitive photocurrent spectra shown in Figure 4, while the dashed red lines in Figure 
5.4 show the capacitive photocurrent calculated from the extracted GO DOS. (The 
excellent match between the experimental and theoretical capacitive photocurrent spectra 
demonstrates that the fitting procedure is working properly). There is a clear variation 
between the DOS calculated for the different samples, but each also contains a similar set 
of peaks which provide for the transitions observed in the photocurrent. There are two 
high energy peaks in the GO DOS near +/- 2.6 eV which are approximately symmetric to 
the Fermi energy, and three mid-gap features , one occupied below the Fermi energy, and 
two empty above the Fermi energy. The high energy peaks at +/- 2.6 eV correlate 
reasonably well with the nand n* peaks observed in the graphene DOS, and are marked 
as such in the Figure. Their presence implies that some influence from the graphene still 
remains, even in the oxidized sample, and agrees with the picture that there is significant 
inhomogeneity of the oxidation coverage within the GO plane. Note that the nand n* 
peaks are not expected to be precisely symmetric with respect to the Fermi energy 
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because the sample can be doped by the interaction with the substrate or the environment. 
The amount of this doping varies from sample to sample. 
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Figure 5.6. Experimental results of capacitive photocurrent spectroscopy on rGO (solid 
blue curves). Three peaks, on top of a monotonically increasing background, are 
observed at 0.7, 1.6 and 3.2 eV, (marked as A , . , and _ , respectively). The dotted curve 
is calculated following equation (1) and using the density of states for rGO as shown in 
Figure 5.7. 
Comparison of the capacitive photocurrent data to the calculated density of states 
shows that the three peaks in the photocurrent can be accounted for by transitions from 
the lowest energy occupied peak to the three lowest energy unoccupied peaks (marked as 
A , . , and _ in Figure 5.5(a)). Two of these transitions compare favorably to 
photoluminescence measurements reported in the literature. The . - transition has energy 
of approximately 1.65 eV (corresponding to wavelength of 750 nm) which is equal to the 
peak luminescence energy emitted from a GO sample in solution. The _-transition has 
energy of approximately 3.1 eV corresponding to a wavelength of 400 nm. This is very 
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close to the wavelength of blue luminescence observed for fully reduced GO (390 nm). 
While these transitions match reasonably well , the luminescence peaks are very broad, 
and variations are observed due to the geometry of the GO sample, and the background 
pH. Clearly, additional mid-gap features (such as that producing the £. - transition) could 
occur due to the environment in contact with the GO, which can broaden, or shift the PL 
spectrum. 
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Figure 5.7. Predicted density of states for rGO following the fitting of equation (2) to the 
data plotted in Figure 5.6. Transitions between the filled and empty states (as shown by 
the £. , . , and _ transitions in (a)) produce the peaks observed in the capacitive 
photocurrent. 
To see the effect of reduction on the GO density of states, capacitive photocurrent 
measurements were also performed on four different rGO samples. The results are plotted 
in Figure 5.6. As with the GO, two of the samples ((a) and (d)) were synthesized as 
mentioned earlier, while the other two samples ((b) and (c)) were purchased from a 
commercial supplier (Graphene Supermarket); three of the samples ((a) (b), and (d)) were 
measured using the standard configuration shown in Figure 5.1(a), while sample (c) was 
measured with the rGO lying on quartz, with a remote silver paste contact. The spectra 
are more complicated, and less similar to each other than with the GO and graphene 
samples. In general , the three peaks (marked as £. , . , and _) are once again observed, 
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but they now lie on a gradually increasing background. Applying the described fitting 
procedure to this data, we extract the DOS plots shown in Figure 5.7. The peaks observed 
in the GO DOS are still visible, however, a number of additional peaks fill the hard gaps 
where D(E) dropped to zero in the GO. As shown by the dashed line in Figure 5.6(a), the 
capacitive photocurrent calculated from this density of states provides a good fit to the 
measured result. 
From these results it is clear that the GO reduction does not completely remove the 
influence of the oxidation and return the sample to a pristine state. This agrees with the 
XPS results above, where the presence of oxygen is still detected in the reduced sample. 
Also, it has been demonstrated that GO reduction does not completely quench the 
luminescence, and thus the recombination centers due to the oxygen must still be present. 
Recently, Gomez-Navarro et af. has shown that rGO consists of fully reduced graphene 
areas in a matrix of partially reduced graphene oxide with clustered defects. The presence 
of additional peaks in the DOS of rGO can be attributed to the combination of the DOS 
due to graphene and the energy states originating due to these clustered defects. Second, 
the energy of the states due to the oxygen does not change with reduced oxygen 
coverage. Instead, there is simply a decrease in the average electronic density at the peak 
energies. This implies that there is considerable inhomogeneity in the oxygen coverage, 
and that it cannot be assumed that the oxygen occupies the graphene surface in a few 
stable, well defined uniform configurations. 
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5.2 DETAILED DESCRIPTION OF THE FITTING PROCEDURE 
The experimental data consists of a set of capacitive photocurrent measurements C;, 
and corresponding excitation energies E;, where i is an integer running from im;n to imax. 
The spacing between excitation energies .dE is kept constant, so that Ei = i x !J.E, and 
im;n and imax are defined by the minimum excitation energy (imin x !J.E) and the 
maximum excitation energy (imax x !J.E) available from the measured data. Using the 
same energy spacing .dE, a discretized version of the density of states, D±j is defined at 
energies E+ j = EF + (j - lh)!J.E for empty states above the Fermi energy, and E+ j = 
EF + (j - lh)!J.E for filled states below the Fermi energy. Figure 5.8 shows the 
discretized density of states D±j plotted relative to the Fermi energy EF, along with the 
















imm I M 
X 
Figure 5.8. Diagram showing the discrete density of states, D±j, and the measured 
capacitance photocurrent Ci, Points marked with an x are un-measured C values 
below Cmin 
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The model assumes that the capacitive photocurrent C is generated by band-to-band 
transitions at the excitation energy iLiE between the filled states below EF and the empty 
states above EF. For example, a filled state at E-j will be excited by an energy iLiE to an 
empty state at E(i-j)+I. where i ?j. The contribution of this transition to the capacitive 
photocurrent Ci is proportional to the product of the associated density of states, D-j D(i-
j)+l. Taking the sum of the contributions from all possible transitions gives: 
i 
C, = L D _j D(i_j)+1 
j=1 
(3) 
Figure 5.8 shows the situation where i = 5, and the excitation energy is 5LiE. In this case, 
the possible transitions extend over the region indicated by the dotted and dashed lines, or 
from 
D-s Dl to D-l Ds. In order for equation (3) to be defined for each measured C, the density 
of states Dj must be defined for all j ranging from -1 to -imax and from 1 to +imax . This 
means that there are at least twice as many Dj values as C values. It is therefore 
impossible to solve for Dj exactly, and a fitting procedure must instead be used. 
The fitting routine was written using the programming capabilities of WaveMetrics 
Igor Pro software (version 6.02A). To help explain the procedure, the calculation of the 
DOS for the graphene oxide sample, (shown as Figure 5.4(a)) will be described step-by-
step. 
First, an interpolation is done from the measured data to obtain a series of equally 
spaced capacitive photo current values Ci• Figure 2 shows the measured capacitive 
photocurrent data (solid blue line) and the interpolated points Ci (red dots). In the 
interpolated data, ~E = 0.11 eV, imin = 5, and imax = 37. The number of Ci values is 
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Figure 5.9 CPS of first device of GO, dots represent the interpolated points used for 
fitting procedure. 
Next, all the Dj values are set equal to an initial value (in this case, Dj = 0.2). The 
initial value is chosen so that the magnitude of the photocurrent calculated from equation 
(1) is approximately equal to the measured values. Figure 5.lO(a) shows the measured C 
(solid blue line) and the calculated C (dashed red line) as a function of excitation energy, 
while Figure 5.l0(b) shows Dj as a function of energy. Not surprisingly, the constant 
DOS gives a very poor fit to the experiment. 
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Figure 5.10 Calculated capacitive photocurrent for a constant DOS. 
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Ideally, each Dj value should be optimized simultaneously in equation (3) to give the best 
possible match to the Ci values. However, this is difficult to do for such a large number 
of fitting parameters. Instead, the Dj values are optimized one at a time, keeping all other 
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Figure 5.11 Demonstration of fitting procedure after number of runs (n =1,100,10000). 
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Figure 5.11 shows the results of this procedure. For n=l, a single OJ value (in this case 
j = -1 ) is optimized to provide the best possible fit to the data, which is still not very 
good. Repeating up to n=100, and the fit starts to resemble the data, while a well-defined 
structure starts to appear in the DOS. Repeating up to n=IO,OOO, and the fit accurately 
matches the data. The calculated OJ values are now stably determined and no longer 
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Figure 5.12 Three calculated DOS curves for one GO device. (d) Shows the Lorentzian 
fit to the peaks seen in calculated DOS. 
Because the DOS is not uniquely determined by the data, starting with a new set of OJ 
values and repeating the fitting produces a slightly different result for the DOS. Figure 5 
(a)-(c) shows 3 different trials of the fitting procedure. In each case, the fit produces a 
somewhat different stable set of OJ values, however (as shown in Figure 5.13), the epe 
calculated from each of the trials is the same. This shows that the fitting procedure does 
not produce a unique solution for the DOS, but only one possible solution that matches 
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Figure 5.13 Fitting procedure used for the DOS curves shown in Figure 5.12. 
Despite these variations, the basic structure of the DOS is stable from trial to trial, and 
among different GO samples. Five main peaks appear: two associated with the graphene 
nand n* peaks and three more produced by the oxidation. A combination of a 
Lorentzian fit to each of these peaks gives the DOS shown in Figure 5 .12( d). While not 
exact, the epe calculated from this combination of Lorentzians, also provides reasonably 
good fit to the data (see solid red line in Figure 5.13). 
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CHAPTER VI 
CONCLUSIONS AND FUTURE DIRECTIONS 
6.1 CONCLUSIONS 
A direct experimental probe of the GO density of states as a function of oxygen 
coverage using capacitive photocurrent spectroscopy is provided. A novel capacitive 
photocurrent spectroscopy technique is used to calculate the density of states (DOS) of 
numerous GO and rGO devices. Three intense additional peaks (separated by hard gaps) 
in the DOS of GO appear near the Fermi energy (attributed to the presence of oxygen 
functional groups) along with standard 1[/1[* peaks present in graphene DOS. This 
confirms the theory prediction of multi-gap DOS for GO. Reduced graphene oxide (rGO) 
shows a distribution of peaks for the entire energy range probed in the experiment. Three 
similar peaks (less intense as compared to peaks seen in GO) with no hard gaps near 
Fermi energy were seen for the rGO sample providing the evidence of some residual 
oxidation. Extra peaks seen in rGO sample are attributed to defect creation during the 
reduction process. XPS measurements confirm the presence of similar oxygen functional 
groups in all the samples (CVD grown graphene, GO and rGO) with varying intensity 
dictating the oxidation content percentage. 
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6.2 FUTURE DIRECTIONS 
As shown in the previous chapter the capacitive photocurrent measurements and the 
density of state calculation procedure can be employed to predict the DOS for new nano-
materials (including hydrogenated and fluorinated-graphene). The combination of CPS 
measurements and calculation procedure opens the door for predicting electrical and 
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emphasis on photo-voltaic devices, Flexible interconnects, electrodes and sensors, 
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106 
• Fabricated individual single wall carbon nanotubes and monolayer graphene devices 
using e-beam and optical lithography. 
• Electrical characterization of graphene devices (before and after the acid treatment 
forming graphene oxide). 
• CVD synthesis of Graphene and Single wall carbon nanotubes on Si/Si02 and quartz 
substrates. 
Spintronics (carbon nanotubes) 
• Fabricated and demonstrated gate tunable (+15% to -10%) change In magneto-
resistance ofNi contacted SWNT spin FET. (First evidence). 
• Extended a new technique (Shadow Evaporation) for fabricating ferro-magnetically 
contacted (Ni) short channel (~1 0 nm) single wall carbon nanotube (SWNT) spin 
FET. 
• Conducted experiments on magnetic switching in Nickel contacted metallic and 
semiconducting single wall nanotubes at 4.2K, 17K and 300K. 
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